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Abstract
Contamination of groundwater due to the leaching of cations from bedrock can be 
a serious threat to public health.  It is therefore important for geologists to identify potential 
hazards to bedrock groundwater systems.  Small Point, a peninsula located in mid-coast Maine, 
is an important study location as there is no municipal water supply; residents must rely either 
on groundwater or a rainwater cistern for drinking water.  The objectives of my study are to 
determine the: (1) relationship between groundwater and leached cations from bedrock, (2) 
mineral phases where cations are present and the likelihood of mobilization, and (3) implications 
on the public, namely where are the best and worst places to extract groundwater.  For this 
analysis 10 different sample lithologies, determined from extensive mapping of the Small Point 
peninsula were studied.  These lithologies include Fe-S and Al bearing schists, amphibolites, calc-
silicates, and a graphitic phyllite.  Using leaching experiments, where each unit was crushed and 
exposed to slightly acidified rainwater (pH 5.5), it was determined which of the cations found 
in each rock unit may actually become mobilized within the groundwater system. Inductively 
coupled plasma atomic emission spectroscopy (ICP-AES), was used to complete this analysis. 
Leaching indicates that the most mobile cations are found in schists, in particular the Singing 
Sands Silver Schist(Ossss), as well as in the Icebox Amphibole-Rich Calc-Silicate(Oiacs) sample. 
Lithologies that did not mobilize cations easily include the Graphitic Phyllite (Ogp) and the West 
Marsh Schist (Owms).  Using leaching experimetns in conjunction with the bedrock geology map 
developed by Sive (2012), it can be determined preliminarily which areas are the best and least 
suited to bedrock wells.
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Chapter 1: 
Introduction
91.1 Introduction
The primary goal of this investigation is to understand the complexity of the inorganic 
geochemical relationships between bedrock and the groundwater that comes in direct contact 
with it on the Small Point, Maine peninsula.  While there are many organic facets to this 
relationship for the context of this study only inorganic natural pollutants (i.e. cation leaching) 
were analyzed.
To determine this relationship a 3-part investigation took place.  First, lithologic units 
were mapped and samples of representative bedrock units were collected in the field.  The next 
area of research focuses on the minerals present in various lithologies found in the study area. 
Thin sections were analyzed using SEM/EDS technology to determine the major elemental 
constituents of each unit through x-ray mapping.  Additionally, powdered samples of these same 
units were analyzed using x-ray diffraction to determine the mineralogic assemblage of each 
lithologic unit.  These steps were crucial to the analysis, as determining what minerals are present 
in the representative lithologies plays a significant role in how cations, and which cations in 
particular, are leached into the groundwater.  Leaching experiments, where each lithologic unit 
was crushed and exposed to slightly acidified rainwater (pH 5.5), then provided insights into 
which cations found in each rock unit actually leached out of the rock and became mobilized 
within the groundwater system.  Inductively coupled plasma atomic emission spectroscopy (ICP-
AES), was used to determine cations present in solution after leaching had occurred.  This step 
is essential to understand the relationship between whole rock chemistry, mineral assemblage, 
faulting, and groundwater chemistry.
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1.2 Small Point, Maine
Small Point, Maine is located in mid-coast Maine, in the town of Phippsburg.  The 
peninsula is approximately 3 square miles and is surrounded by the Atlantic Ocean.  An interior 
harbor separates Hermit Island from the rest of Small Point Proper.  Topography of the area 
varies significantly, with relative highlands such as Morse Mountain and low-lying beaches such 
as Icebox and Seawall Beaches (Figure 1.1).  The study area comprises of the southern portion of 
the Phippsburg peninsula with the causeway that crosses the Sprague River marsh serving as the 
northern boundary.  A detailed bedrock map of the Small Point area by Hussey and Berry (2006) 
Figure 1.1 The inset map 
highlights the location  of 
Small Point in the context 
of coastal Maine.  The larger 
map indicates the place 
names along Small Point that 
will continually be referred to 
throughout this thesis. 
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Figure 1.2  Detailed bedrock map of the 7.5’ Small Point quadrangle mapped by Hussey and Berry.  From 
Hussey and Berry  (2006). 
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shows previous work conducted in the same area (Figure 1.2).  An updated version of this map 
by Hussey (2012) has recently become available.  Due to the fact that this investigation included 
bedrock mapping as well as groundwater analysis, Small Point provided an ideal study locale as 
the complicated lithologic sequence is well exposed (~80%) along the coastline, while only 5-10% 
exposed bedrock outcrops can be seen in the wooded areas.
Phippsburg receives on average 48 inches of precipitation annually, which depending on 
the season may be locked up in snow for an extended period of time (me.water.usgs.gov, 2011).  
The majority of precipitation that falls on the area will end up back in the Atlantic Ocean or 
slowly percolating into the ground, entering the groundwater system (me.water.usgs.gov, 2011).  
There is only one lake in the study area, Big Pond, which serves as a catchment for a small portion 
of the total precipitation accumulated in the area.  Rainwater that falls outside of the study area 
may in a limited capacity travel into the Small Point peninsula through bedrock fractures that 
extend from further north in Phippsburg.  Other inputs into the groundwater system include 
snow melt in the late spring that allows for a large release of water.  Most of this water will 
percolate through the soil, but some of the water stored on the surface will run off as saturation of 
the soil immediately following the melt season is common.
Due to the fact that Phippsburg does not have a public water supply residents must rely 
on other means to obtain water.  Drilled bedrock wells are among the most popular methods for 
obtaining reliable drinking water in the area.  The Maine Geologic Survey currently monitors ten 
bedrock wells within the peninsula, though shallow hand dug wells are also prevalent in the area.  
At the time of drilling owners Drilled bedrock wells must provide the state with information 
regarding depth (Figure 1.3), yield (Figure 1.4), and the overburden thickness (Figures 1.5) 
(Tolman and Marvinney, 2010).  This is a stipulation of the 1987 Well Water Information Act, 
which mandates that drillers comply with certain state regulations regarding placement of 
wells. While there are only 25 reported bedrock wells in our study area, it is likely that there are 
other older wells in operations that are not monitored by the state. Bedrock wells do not hold 
groundwater; rather they provide a conduit for water collection through a series of interconnected 
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Figure 1.3 The above is 
modified from the Bath 
30’ x 60’ quadrangle 
detailing well depth in 
feet. From Tolman and 
Marvinney (2010).  
Figure 1.4 The above is a 
modified map of Bedrock 
Yield for the 30’ x 60’ 
Bath Quadrangle. From 
Tolman and Marvinney  
(2010).
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fractures.  The bigger the fractures and the greater the number of intersecting fractures 
contributing to a well, the higher the yield will be.  While the average well in Maine sustainably 
generates 10 gallons per minute (gpm) the average for this region is slightly higher with the 
largest average flow rate recorded at Small Point close to 150 gpm (Tolman and Marvinney, 2010). 
This well in particular is located at a depth of 390’, is owned and operated by the Sebasco Harbor 
Resort, just north of the study area (Figures 1.3 and 1.4).  The other method commonly employed 
by Small Point residents for water collection is rainwater collection in a cistern.
Figure 1.5 The above 
map is an adaptation from 
the Bedrock Overburden 
Thickness for the 30’ x 60’ 
Bath Quadrangle.  From 
Tolman and Marvinney 
(2010).
2
1 km
N
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Figure 1.6  An illustration of shear zones along the Norumbega Fault.  The study area contained within 
the Phippsburg Shear Zone is highlighted in yellow.  Modified from Swanson (2010, unpublished).
1.3 Bedrock Geology
1.3.1 Previous Work
One of the tasks of this investigation was to create a more detailed bedrock map of the 
Small Point area.  This mapping project was designed to improve upon and add more detail 
to pre-existing maps of the area that were first developed by Arthur Hussey, Henry Berry, and 
Bob Marvinney (Hussey and Berry, 2006; Hussey and Marvinney, 2002).  Hussey and Berry 
(2006) have provided the most recent analysis of the study area (Figure 1.2), though this map is 
the culmination of several iterations of their own over the course of several decades.  A further 
revision of this map by Hussey has just become available from the state survey (Hussey, 2012).  
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Other geologists who have worked in this area on a variety of different projects include Mark 
Swanson (2010) who has worked on a dextral shear zone in the western boundary of our study 
area Hermit Island (Figure 1.6), Tim Grover and Helen Lang (1995) who worked on metamorphic 
gradients, and previous thesis students working in a variety of different disciplines with the Bates 
College Geology Department. Drs. Marvinney, Berry, Hussey, Swanson, and Grover all visited the 
study area during the summer of 2011.
This area, a small section of the Bath 15’ quadrangle is defined by a large macroscopic 
synform, known as the Cape Small Synform (Hussey and Marvinney, 2002) and a major early F1 
fold whose axial plane runs almost perpendicular to it (Figure 1.2).  Along the western portion 
of the study area, the Phippsburg shear zone first mapped by Swanson (2010) (Figure 1.6) and 
Figure 1.7a  Previous work done in the area on metamorphic isograds by Hussey and Berry (2006).  
Small Point, the study area, has been outlined in yellow.
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be Ordovician based on new radiometric ages (Figure 1.8) (Hussey and Berry, 2006).
In the summer of 2011 the bedrock of Small Point, including Hermit Island, was mapped 
at a scale of 1:10,000. The mapping project was done using digital field methods including the 
use of Trimble Juno’s running ArcPad 10 and ruggedized laptops running ArcMap 9. The final 
bedrock map provides a more detailed version of the Hussey and Marvinney (2002) mapsheet 
and a revised interpretation of structural, mineralogical, and metamorphic findings. This revision 
is shown in Sive (2012) (Figure 1.5).
Geologic Setting 
Tectonic Setting 
In understanding the metamorphism of a region it is important to also understand the 
geologic history. The geology of New England has been affected by five orogenic events: the 
Taconic/Penobscot, Salinic, Acadian, Neoacadian, and Alleghanian Orogenies (Figure 1.9) (van 
Staal et al., 2009; Hibbard et al., 2007; van Staal, 2005). The Taconic Orogeny is characterized 
Figure 1.7: The isograds of Hussey and Berry (2006). A possible stautolite isograd is seen cutting 
through the southern part of Small Point showing higher grade to the north.
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further studied by Miller (2012) 
extends along the outer edge of 
Hermit Island and the study area.  
The characteristics of the synform 
and the shear zone dominate the 
deformational features seen in the 
area at the scale of observation.
The earliest tectonic 
collision to affect the Small Point 
area was the Salinic Orogeny 
(440-423 Ma) (van Staal et al., 
2009).  van Staal et al. (2009) 
describe the Salinic orogeny 
where a mid-Silurian (430–422 
Ma) collision between the Gander 
margin and Laurentia followed 
the late Ordovician closure of the 
Tetagouche-Exploits back-arc 
basin.  The sutured Laurentia/
Gander plate then collided with 
Avalon during the Acadian 
Orogeny in the late Silurian-early 
Devonian (421-400 Ma) creating 
much of the folding seen in the area (Figure 1.8; Van Staal et al., 2009).
Following folding during the Silurian, intrusions of igneous rocks occurred from the late 
Silurian through the Permian over a period of ~50 Ma (Tomascak et al., 1996).  These intrusions 
include many pegmatites that can be seen throughout the study area.  U-Pb dating of plutons 
48
Figure 3.12: The isograd map showing both M2 and M3 events and the present metamorphic 
zones. Mineral assemblage for each event is shown in orange (M2) and green (M3). Hatches point 
in the prograde direction. The AFM diagram for each metamorphic zone is shown.
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Figure 3.12: The isograd map showing both M2 and M3 events and the present metamorphic 
zones. Mineral assemblage for each event is shown in orange (M2) and green (M3). Hatches point 
in the prograde direction. The AFM diagram for each metamorphic zone is shown.
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Figure 1.7b Doolittle (2012) extends the staurolite-out isograd 
through the study area. The isograd map shows both M2 and 
M3 metamorphic events and the present metamorphic zones. 
Mineral assemblage for each event is shown in orange (M2) 
and green (M3). AFM (diagrams that show how metamorphic 
mineral assemblages vary as a function of rock composition and 
metamorphic grade) are shown. From Doolittle (2012).
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has helped to constrain ductile deformation and regional metamorphism in the area, ranging 
from undeformed late Silurian plutons to strongly foliated and weakly deformed middle to late 
Devonian intrusions (Gerbi and West, 2007).  Devonian-aged(?) pegmatites that are deformed 
and folded can clearly be seen on Hermit Island.  It is speculated that this deformation is the 
result of dextral shear along the Phippsburg Fault, part of the regional Norumbega Fault which 
started during the late Devonian (Figure 1.6; Swanson, 2010).
The field area has previously been defined by four different Ordovician aged formations 
(known as the Casco Bay Group) and one later igneous intrusion during the Devonian (Hussey 
and Marvinney, 2002).  All rocks seen in the area have undergone Buchan-type metamorphism, 
a low-pressure high temperature metamorphic facies series that yields a variety of metamorphic 
pa a ontological and pala omagnetic evidence to
have been in the order of 1000–1500 km
wide. The Japan Se is a close modern analog e
(van Staal et al. 1991, 2003). Closure of the
back-arc basin started at c. 450 Ma, immediately
after the Popelogan–Victoria arc had accreted to
Laurentia at c. 455 Ma (van Staal 1994; van Staal
et al. 2008). Closure was initiated following
stepping-back of the west-dipping subduction zone
that had rimmed Laurentia during Taconic 3
(Fig. 10a; van Staal et al. 1998). Subduction of the
backarc’s oceanic lithosphere led to sporadic
Late Ordovician–Early Silurian (445–435 Ma) arc
magmatism in Newfoundland (Fig. 3; 3rd phase of
Notre Dame arc, Whalen et al. 2006; van Staal
2007) that spatially overlaps the Taconic-related
arc and collision-related magmatism (Figs 1 &
10a; van Staal et al. 2007). Mafic and felsic plutonic
rocks are present in equal proportions and all
samples exhibit well-developed negative Nb
anomalies on extended element plots (see fig. 6b
of Whalen et al. 2006). Geochemical plots for
these magmatic rocks (Fig. 13) indicate that mafic
components exhibit calc-alkaline arc signatures
and felsic components exhibit VAG signatures,
which are on average more Rb and YþNb
rich than 2nd stage Notre Dame arc tonalitic
rocks (Fig. 7c). In their 1Nd(T) values these
plutons exhibit both contaminated and juvenile sig-
natures (Whalen et al. 2006). Combined, these
Fig. 10. (a) Late Ordovician–Silurian closure of the Tetagouche–Exploits back-arc basin, which is the principal cause
of the Salinic orogeny; (b) Silurian closure of the Acadian seaway that separated Ganderia and Avalonia, which led to
the Acadian orogeny. The early stages of the Acadian (421–417 Ma) were localized preferentially in the back-arc and/
or intra-arc basins. Note that most of the fore-arc is assumed to have been subducted to a position beneath the coastal arc.
Late stages of the Acadian mainly involve antithetic retro-arc thrusting towards the orogen’s hinterland and dextral
strike-slip on steep, orogen-paral l faults. (c) Accretio of Meguma, which is inte reted to have b en accompanied by
wedging and breakoff of the downgoing Rheic slab. A new west-dipping subduction zone was probably established
outboard of Meguma, necessary to accommodate convergence and Alleghenian collision with Gondwana.Wedging and
lower crustal architecture in (b) and (c) is largely based on seismic interpretations (Keen et al. 1991; van der Velden
et al. 2004).
C. R. VAN STAAL ET AL.286
Figure 1.8  This schematic from van Staal et al. (2009) illustrates the mechanics of the last three orogonies to affect 
the northeast.  The equivalent of Small Point’s location at the time of deformation is highlighted with a yellow star.
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and metasedimentary rocks, including greenschist up through the amphibolite facies (Hussey 
and Marvinney, 2002).  A closer look at the metamorphic history of Small Point can be found in 
Doolittle (2012) (Figure 1.7b).  The Cape Elizabeth formation (Oce) is the most prevalent rock 
type in the study area.  Many different members of the Cape Elizabeth ranging from silvery pelitic 
schist to a very rusty schist can be seen.  While they span a large range of mineral assemblages 
and look very different, these units are ultimately linked due to stratigraphic similarities that 
can be seen across the southeastern portion of Maine and are considered to be part of a single 
formation (Hussey and Marvinney, 2002).  In addition, the Spring Point formation (Osp), which 
overlies the Cape Elizabeth, can be seen in a few locations.  Osp also ranges in appearance, but 
is most commonly identified as an interbedded amphibolite ± marble.  Stratigraphically above 
this unit is the Diamond Island formation (Odi).  This black graphite rich phyllite is commonly 
seen in association with the amphibolite and calc-silicate gneiss that are associated with the 
Spring Point Formation.  The youngest stratigraphic unit within the study area is the Scarborough 
formation (Osc), a rusty weathering to silver schist that can contain staurolite, andalusite, 
graphite, and/or minor chloritoid (Hussey and Marvinney, 2002).
1.3.2 Bedrock Analysis Concurrent with this Study
Using the work of Hussey and Berry as a baseline, I along with fellow senior geology 
majors Peter Miller, Heather Doolittle, and Haley Sive entered into this mapping project to create 
a 1:5,000 scale bedrock map of the Lower Peninsula using digital mapping techniques. Mapping 
was done using an ArcGIS 10 enabled ruggedized Panasonic Toughbook and Trimble Junos 
loaded with ArcPad 10 software, funded through a USGS EdMap grant and the support of Maine 
State Geologist Bob Marvinney.  Refinement of the metasedimentary lithologic units constituted 
the bulk of our revisions to the existing map (Figure 1.10).  While the majority of the rocks seen 
over the course of the field season were ultimately connected to a formation previously defined 
by Hussey and Berry (2002), our work shows significant differences in the stratigraphic order, 
definitions of members within formations, and delineation of D1/D2 and D3 macroscopic folds.  
Further detail about the methods used and data collected can be viewed in later chapters.
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Figure 1.9  Bedrock map and rock descriptions of all lithologic units on Small Point. This map is the 
result of field mapping conducted in the Summer of 2011.  From Sive (2012).
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1.4 Surficial geology
Surficial geology of the region is defined by a combination of glacial and coastal processes. 
The peninsula is comprised of a large number of pocket beaches (Qbd) and associated dunes.  
Sand is generated from the erosion of the headlands, which is accelerated by the ocean beating 
against bedrock outcrops.  The other main influence is glacial remains from the Last Glacial 
Maximum (LGM) including the Presumpscot Formation (Qp) and till deposits (Qt) (Smith 
and Anderson, 1976). Swamp and tidal marsh deposits (Qs), as well as beach and dune deposits 
can be seen at many points on the peninsula (Figure 1.11; Smith and Anderson, 1976). Another 
prominent feature in the area is a multitude of end moraines, ridges of till, sand, and/or gravel 
that were deposited at the glacial margin.  Shown as a barbed line in Figure 1.11, the direction of 
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Group (Figure 1.6).
 Several minor lithologies of the Cape Small Formation have been mapped including, 
rusty weathered schist, calc-silicate granofels, and silver pelitic schist (Figure 1.5) (Sive, 2012). 
The variable mineral assemblages reported on the peninsula included staurolite in/out reactions 
as well as the presence of both, one, or neither of andalusite and sillimanite (Hussey and Berry, 
2006). Hussey and Berry (2006) show a possible isograd in the Small Point region marking a 
staurolite-out reaction and cutting through the Cape Small Synform (Figure 1.7).
 Based on radiometric dates and stratigraphy on several formations within the Casco Bay 
Group it has been determined that the Cushing Formation is the oldest (465 ± 4 ma), followed 
by the Cape Elizabeth (410 ma), Spring Point, Diamond Island, and Scarboro Formations 
respectively (Hussey et al., 2010; Gerbi and West, 2007). All formations have been determined to 
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Figure 1.6: A comparison between the lithologies of Sive (2012a, b) and Hussy and Berry (2006) 
from Sive (2012a).
Figure 1.10  A comparison of the lithologic units determined by Sive (2012) with the larger formations 
delineated by Hussey and Berry (2006).  From Sive (2012).
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Figure 1.11  The above map is a section from the surficial geology map of the Small Point 7.5’ 
quadrangle.  Modified from Smith and Anderson (1976).
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ice flow is designated by the direction of the points.  These moraines are mostly buried by water 
laid glacial sediment and are relatively narrow (Smith and Anderson, 1976).  However, while 
distinguished by Smith and Anderson, newly released LiDAR imagery (2011) of the peninsula 
does not show any indication of glacial moraines on the landscape.
1.5 Transport of Water through the System 
Rainwater is the primary source of water through the hydrological system into groundwater 
(Appelo and Postma, 1993).  Many of the contaminants found in rainwater, including particulates 
picked up on the surface as dust or as aerosols remain solubilized as it travels through to the subsurface 
(Fetter, 1993).  Processes that occur above ground such as the burning of fossil fuels, the acidification 
of rainwater, and the release of industrial waste (a very minor factor for Small Point) need to be 
accounted for as potential sources of inorganic pollution in addition to elements naturally contained 
within a bedrock unit (Appelo and Postma, 1993).  At Small Point, proximity to the coast also plays 
a large role as the rainwater that falls on the peninsula is largely influenced by the concentration of 
ions found in the ocean, its source of water vapor (Appelo and Postma, 1993).  An increase in ion 
concentrations such as Mg2+, Ca2+, K+, Sr2+, Cl-, and Br- were reported on the island of Hawaii due to 
its proximity to the marine environment (Duce and Hoffman, 1976).  However this enriched marine 
signature decreases as you move inland across major bodies of land (Fetter, 1993).  Conversely, these 
large terrestrial masses influence the presence of pollutants in rainwater that are tied to industrial 
and natural components that are picked up as clouds pass over landmasses.  It is expected that 
these influences will be relatively minor in comparison to the effect of the ocean, as the Small Point 
peninsula is relatively isolated from major industrial sources of pollution and sits directly on the coast.  
However depending on the direction of the wind, clouds entering the area from the west may provide a 
conduit for transporting aerosol contaminants from out of state industry in the Midwest. Additionally, 
it should be noted that the majority of industrial pollution is identified through an increase in anion 
not cation concentrations.  For example, the burning of fossil fuels in both industry and automobiles 
contributes to significantly increased NOx and SOx concentrations (Fetter, 1993).
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1.6 Cation Contaminants
Cations in groundwater derived from natural sources, such as bedrock include a variety 
of elements and pose a wide variety of hazards.  The cations focused on in this thesis, aluminum, 
arsenic, calcium, iron, magnesium, and manganese have been identified within lithologies of the 
Small Point peninsula.  Elements were chosen based on either their overall status as hazardous to 
human health or as a nuisance to everyday human life.
1.6.1 Aluminum
Aluminum, the second most abundant element in the earth’s crust (Nesse, 2000) is 
commonly found in many different minerals including feldspars and micas.  As a common 
mineral constituent, aluminum is frequently released from host rock during the weathering of 
silicates.  Normal concentrations of aluminum in groundwater are approximately 0.4 ppm, as 
aluminum is insoluble at relatively neutral pHs.  However, with increasing acidity the concentration 
of dissolved aluminum in groundwater can increase above 5 ppm (Selinus et al., 2005).  The EPA 
(2000) has set the limit for aluminum concentrations in drinking water to be 0.2 ppm. 
Aluminum is a known neurotoxin and has been shown to be correlated with instances 
of Alzheimer’s and Parkinson’s disease (Flaten, 2001; Markesbery, 1997). A highly charged 
element, aluminum binds strongly to proteins and acts as a cross linking stabilizer, easily 
accumulating in the brain (Nordberg and Cherian, 2005).  The oxidative damage in the brain 
caused by aluminum build up in particular is what has been linked to various neurodegenerative 
disorders (Markesbery, 1997).  These findings among others have raised questions about the role 
of environmental and geologic exposure over time, as these diseases are frequently age-related 
disorders (Centeno et al., 2005)
1.6.2 Arsenic
Arsenic is a toxic metal cation that is one of the greatest threats to public health through 
contaminated groundwater.  The World Health Organization, as well as the U.S. Environmental 
Protection Agency has set the limit for arsenic in groundwater to be 0.01 ppm, a number that has 
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continued to decrease over the last 50 years, with the most recent drop from 0.05 ppm to the current 0.01 
ppm standard in 1993 (Smedley and Kinniburgh, 2005).  Arsenic is considered to be one of the largest 
groundwater contamination problems in the state of Maine, with most counties reporting higher than 
recommended arsenic levels (Figure 1.12; Ayotte et al., 2003). The Kittery and Sangerville Formations in 
particular are amongst the most arsenic rich units in all of New England (Ayotte et al., 1999).  Elevated 
arsenic levels derived from bedrock geology have often been traced to the presence of sulfide bearing 
metapelitic rocks (Ayotte et al., 2003).  Concentrations of arsenic have also been weakly correlated to 
concentrations of iron and manganese in nearly every lithogeochemical group studied by Ayotte et al. 
(1999) including the metasedimentary group, of which the rocks at Small Point can be classified as.  
High arsenic concentrations in groundwater have proven to be extremely detrimental to public health.  
Observable symptoms directly connected to arsenic can be seen when ingesting concentrations greater 
than 2 ppm, though harmful effects have been traced to consuming greater than 0.01 ppm (Smedley and 
Kinniburgh, 2005).  Symptoms of arsenic poisoning include stomach and intestinal pain, damage to the 
nervous system, skin coloring changes, and a change in the structure and abundance of red and white 
blood cells (WHO Fact Sheet No. 210., 2001).
Arsenic contamination of groundwater stems from a variety of natural and anthropogenic 
sources.  One of the main sources is the dissolution of minerals from bedrock within aquifers 
(Table 1.1; Appelo and Postma, 1993).  High arsenic content tends to be found in volcanic glass, 
aluminosilicates, and igneous rocks containing iron oxide, as As readily substitutes for Si2+, Fe2+, 
and Al3+ in the crystal lattices of minerals (Welch et al., 1988).  Additionally, arsenic can be found 
in pressure treated wood, leachate from solid waste landfills, pesticides that were commonly used 
on crops prior to the 1960s, and as a byproduct of industry where it is released as an aerosol.  
Arsenic from these anthropogenic sources falls onto the surface and contaminates surface waters.  
It is then transferred into the aquifers supplying groundwater through runoff, precipitation, and 
combining with other surficial waters (Smedley and Kinniburgh, 2005).  Drinking water may be 
obtained from surface water or rainwater, but it has been shown that greatest threat of arsenic 
contamination in drinking water comes from water extracted from bedrock wells.  A portion 
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New England Coastal Basins
Figure 4a.  Areal distribution of arsenic concentrations in water from selected bedrock wells.
Figure 1.12  Total arsenic concentration in bedrock wells throughout eastern New England.  Small Point, 
Maine is highlighted in yellow.  Modified from Ayotte et al. (1999).
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of this is due to contamination leached into aquifers from the surface, but natural rock water 
interactions and the high solid/solution ratios that can be seen in aquifers is a much greater 
supplier of mobile cations (Smedley and Kinniburgh, 2005).
According to a study conducted on arsenic in groundwater of the Bengal Delta Plain, there 
is vast contamination of drinking water supplies, with arsenic concentrations in some cases two or 
three times above the guidelines established by the WHO (Wagner and Stüben, 2005).  Arsenic in 
this case is released when pyrite is oxidized.  An increase in redox conditions are needed to reduce 
arsenic and adhere it to the surface of iron and manganese oxihydroxides (Wagner and Stüben, 2005).  
In another nearby study, Acharyya and Shah (2005) nearby along the Ganges, shows that the release 
mechanism into groundwater for arsenic can be described as reductive dissolution of arsenic bound to 
iron oxyhydroxide.  Here arsenic concentrations proved to be higher at shallower depths in the zone 
of oxidation where redox conditions are favored.  It was determined that the most likely minerogenic 
Table 1.1  The two tables above illustrate the range of arsenic concentrations in different rock forming 
minerals and ranges that can be found in typical rock units. Modified from Smedley and Kinniburg (2005).
Mineral Arsenic 
concentration 
range (mg·kg-1)
Oxide Minerals
Hematite up to 160
Fe (III) oxyhydroxide up to 76,000
Magnetite 2.7-41
Ilmenite < 1
Silicate Minerals
Quartz 0.4-1.3
Feldspar <0.1-2.1
Biotite 1.4
Amphibole 1.1-2.3
Olivine 0.08-0.17
Pyroxene 0.05-0.8
Sulfide Minerals
Pyrite 100-77,000
Pyrrhotite 5-100
Sphalerite 5-17,000
Galena 5-10,000
Rock/Sediment 
Type
Arsenic 
concentration 
range (mg·kg-1)
Igneous Rocks
Ultrabasic rocks 0.03-15.8
Basic rocks 0.06-113
Intermediate rocks 0.09-13.4
Acidic rocks 0.2-15
Metamorphic Rocks
Quartzite 2.2- 7.6
Hornfels 0.7-11
Phyllite/slate 0.5-143
Schist/gneiss <0.1-18.5
Amphibolite and 
greenstone
0.4-45
Soils
Mixed soils 0.1-55
Acid sulfate soils 2-36
Soils near sulfide 
deposits
up to 9T
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sources for arsenic contamination in addition to arsenopyrite (FeAsS) were iron silicates including 
biotite (K(Mg,Fe)3(AlSi3O10)(F,OH)2) and chlorite ((Mg,Fe)3(Si,Al)4O10(OH)2•(Mg,Fe)3(OH)6) (Wagner 
et al., 2005; Acharyya and Shah, 2005).  Acharyya and Shah (2005) additionally found that arsenic 
content was at its highest concentrations in a shale layer of the stratigraphic sequence.  There are no 
remaining shale units at Small Point post M3 metamorphism which occured in the late Devonian/
early Carboniferous time, and is related to shearing along the Norumbega Fault system, which allowed 
for the intrusion of granites that later became sheared in certain sections of the study area (Doolittle, 
2012; Miller, 2012; Sive, 2012).  However, there is an abundance of biotite in a number of lithologic 
units including the most prevalent Cape Elizabeth Formation.  Smedley and Kinniburgh (2002) show 
higher concentrations of arsenic in common rock-forming minerals including sulfides, oxides, silicate 
minerals, and some sulfate minerals, as well as elevated levels in various rock/sediment types including 
glacial till, schist, quartzite, phyllite and slate, peat, and amphibolite (Table 1.1).  The concentrations of 
arsenic within these units span a huge range, from average concentrations of 0.1-18.5 mg·kg-1 in schist 
samples for example.  On one end of the spectrum concentrations are relatively benign, but values at 
the other end may create significant health problems.
 1.6.3 Iron
Iron makes up approximately 5% of the earth’s crust, readily combining with oxygen and 
sulfur to create oxides, hydroxides, carbonates, and sulfides (Nesse, 2000).  Iron is a compound 
that is soluble in groundwater in its ferrous state, Fe(II), but is oxidized to its insoluble ferric 
state, Fe(III), when exposed to oxygen (Faust, 1998).  Iron pollution in drinking water is 
usually associated either from weathering of iron bearing minerals such as magnetite, hematite, 
goethite, and siderite in bedrock through which groundwater is flowing or more commonly 
local contamination from pipes transporting water from wells to the home (WHO, 2001).  
According to the WHO (2001), iron is an essential trace element in humans contributing to the 
production of hemoglobin, which is responsible for transporting oxygenated blood throughout 
the body (Selinus et al., 2005).  In an average adult, between 34-50 mg of iron can be found per 
kg body weight (WHO, 2001) and unlike many other metals, ingestion of iron is not linked 
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to adverse health effects, except in those with an extremely rare autoimmune disorder known 
as hemochromatosis, where excess iron is detrimentally stored in the body’s essential organs 
(EPA,2007). Though it is by and large harmless to human health, maximum concentrations of 
1.0 ppm have been set by the EPA as a standard.  At levels exceeding 1 ppm, the taste of drinking 
water becomes metallic and reddish brown staining can be seen on plumbing and laundry (EPA, 
2007).
Iron is of interest to this investigation not only due to its status as a household nuisance, 
but also because of its connection to arsenic (Ayotte et al., 2003).  Aqueous arsenic is controlled 
by anion exchange and frequently coprecipitates with iron and manganese oxyhydroxides 
(Berg et al., 2001; Wagner et al., 2005; Acharyya and Shah, 2005).  In Vietnam, it was found 
that aeration and sand filtration used for iron removal from drinking water simultaneously 
lowered concentrations of arsenic in drinking water (Berg et al., 2001).  Iron oxide coagulants 
are frequently used as flocculants in water treatment to remove arsenic through the processes of 
coprecipitation and adsorption (Faust, 1998).
1.6.4 Manganese
Manganese is considered to be an abundant mineral in the Earth’s crust, comprising 
roughly 0.1% (Nesee, 2000).  With a common +2 oxidation state, manganese can commonly 
be found in carbonate, sulfide, and chloride compounds (Nesse, 2000).  Due to this common 
oxidation state manganese can also often be found in association with iron.  Like iron, manganese 
frequently coprecipitates from solution with aqueous arsenic and is frequently used as a 
remediation measure in arsenic contaminated waters (Wagner et al., 2005).
Manganese is frequently a natural constituent in much of the world’s groundwater, though 
it is not considered a risk to public health at concentrations below 0.5 ppm (EPA, 2004).  The 
presence in drinking water is noticeable in terms of taste, smell, and appearance at much lower 
concentrations, as low as 0.05 ppm (EPA, 2004).  Manganese plays an important biological role 
in the formation of several enzymes; however elevated concentrations of manganese can lead to 
detrimental neurologic effects, especially in young children (WHO, 2001).  While manganese 
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toxicity can have serious health implications, it should be noted that for the most part these are 
detrimental effects are seen with the inhalation of manganese and not the consumption of the 
cation through drinking water.  For the most part manganese is considered to be one of the least 
toxic metals if consumed orally (Wang et al., 1989).
1.6.5 Other Cations
Other cations that will be discussed at length are calcium and magnesium.  Calcium and 
magnesium are both contributors to hard water.  Hardness of water is primarily caused by excess 
dissolved calcium and magnesium in the water.  While not detrimental to human health, excessive 
hardness in water can be a nuisance for residents as it leads to the encrustation of pipes and water 
tanks and reduces the lathering capacity of soaps and detergents. Because of its charge and ionic 
radius, calcium most often occurs in 8-fold coordination sites of aluminosilicate minerals, such 
as pyroxenes, amphiboles and feldspars, especially plagioclase (Nesse, 2000).  Stdies conducted 
by the World Health Organization indicate that there does not appear to be any convincing 
evidence that water hardness causes adverse health effects in humans (WHO, 2009).  Some studies 
however indicate a weak correlation between water hardness and cardiovascular disease in men.  
Kousa et al. (2006) conducted a study of acute myocardial infarction males in Finland, where 
geographic differences as well as the ratio of Ca:Mg in drinking water were considered as potential 
contributors to the high rate of AMI seen in the country. It was found that  the high Ca:Mg ratio 
in groundwater and the deficiency of Mg in diet and in water significantly increase the risk of 
AMI.  They also conclude that residents in areas with soft drinking water, but a high ratio of 
Ca:Mg could have an increased risk of coronary heart disease (Kousa et al., 2006).  Other studies 
have shown a correlation between childhood eczema and water hardness (McNally et al., 1998).  
While many studies have drawn conclusions between adverse health effects and hard water, the 
WHO has maintained that there is not a large enough body of evidence to recommend a primary 
contaminant level. Recommendations have been made for the maximum and minimum levels 
of calcium (40–80 ppm) and magnesium (20–30 ppm) in drinking water, and a total hardness 
expressed as the sum of the Ca and Mg concentrations of 2–4 mmol/L (WHO, 2009).
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1.7 Scope and Purpose 
Contamination of groundwater due to the leaching of cations from bedrock can be 
a serious threat to public health.  It is therefore important to identify potential hazards to 
the groundwater supply of Small Point.  The objectives of my study are to: (1) determine the 
relationship between groundwater and leached cations from bedrock, (2) determine where 
those cations are coming from and the likelihood of their mobilization, and (3) determine the 
implications this will have on the public, namely where are the best places to extract and to avoid 
extraction of groundwater.  This investigation will provide a basic understanding of the processes 
involved and will provide a framework for areas that would benefit from further analysis.
Chapter 2: 
Methods
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2.1 Field Methods
2.1.1 Sample and Data Collection
Data collection and field work for this investigation started in May 2011 and was 
completed mid-June through July 2011.  Field work was conducted as part of a larger EdMap 
grant along with fellow Bates College Geology seniors Peter Miller, Heather Doolittle, and Haley 
Sive.  The primary task of our summer work was to develop a detailed 1:5,000 scale bedrock map 
of the Small Point peninsula.  To complete this task a hybrid of traditional mapping technologies 
and new digital mapping techniques were employed.  Brunton compasses and hammers were 
used in conjunction with Trimble Junos and a ruggedized Panasonic Toughbook loaded with 
ArcPad software to create a digitized map in the field with geo-referenced waypoints (Figure 2.1).
In addition to developing the map, representative samples were collected from each rock unit.  
These samples were set aside for later experimentation in the lab, to determine how bedrock 
lithologies impact groundwater chemistry.  A great number and wide variety of samples were 
collected from across the Small Point Peninsula, though only ten of these samples were eventually 
selected for leaching experiments. 
 
Figure 2.1 An 
assortment of technology 
used to develop a bedrock 
map of Small Point from 
hammer clockwise, 
iPhone, Trimble Juno 
(Alfred), iPad, Trimble 
Juno (Penelope), digital 
camera. Photo courtesy of 
Dyk Eusden (2011).
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2.1.2 Digital Mapping Techniques
Trimble Junos loaded with ArcPad software were utilized to create a digital “on the fly” 
map of the study area in the field.  ArcPad 10 is a program that is designed to merge seamlessly 
with ArcGIS, digital mapping software that is usually used to create maps post field data 
collection.  The Junos are PDAs that use a stylus to operate a drop down menu that provides 
the mapper with a variety of options in a simplified version of ArcMap.  The Junos create GPS 
referenced points and lines, eliminating the need for an additional hand held GPS unit.  The line 
and point function were the two most heavily used features of this software.  For our mapping 
needs, two feature classes were created, a point file “stationstruct” and a polyline file “contacts”.  
Using ArcPad, entries were added at each data collection point.  This setup was designed to 
emulate what would traditionally be found in a field notebook.  Strike and dip data, rock unit, the 
name of the geologist doing the measurement, as well as any other structural measurements were 
contained within this feature class (Figure 2.2).  While this file ended up being very large, very 
quickly it allowed all data collected to be contained in one place.  A Panasonic Toughbook tablet 
laptop was also occasionally used in the field for data collection, using a similar GPS enabled 
point/line tool to georeference points throughout data collection.
Figure 2.2 A screen shot of the partial contents of the “stationstruct” file.   
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2.1.3 ArcGIS Methods
At the end of each field day, all data collected on the Trimble Junos was downloaded onto 
a ruggedized Panasonic tablet laptop.  Downloaded waypoints and lines collected from the day 
were then imported into ArcGIS for further processing.  It was determined early on that while 
the Junos were great for capturing data in the field, they were extremely limited in terms of their 
ability to process large amounts of data, especially memory-heavy raster files.  Downloaded 
feature classes from each Juno unit were added to a folder in ArcCatalog specific to that particular 
day of work.  The files were then added to a base map of the area that was modified and saved as 
a new file each day.  The “stationstruct” file obtained from each Juno was then merged with the 
existing “stationstruct” file from the previous day and titled stationstruct_date.  This methodology 
was also employed with the “contacts” polyline feature class.
While collecting and organizing all of the data into 1 feature class was convenient in the 
field it was difficult to have multiple people operating the Junos and collecting data that could 
seamlessly fit together.  For example, minor typing errors when entering data into the Juno would 
prevent the “stationstruct” file from operating properly without major revisions at the end of each 
day.  Because of this unnecessary time intensive procedure, it was determined midway through 
the field season to break down our data collection into multiple shapefiles.  After this, five 
different feature classes were loaded onto the Juno units prior to each field day.  The new feature 
classes included an “SQ_ratio” file, used to determine the ratio of interbedded schist to quartzite 
at a particular point, a “fold density” file, used to determine the relative intensity of folding in 
the area, and a “sample location/photo locality” file, used to track where each sample/photo was 
taken.  These three new files were used in addition to the previously mentioned “stationstruct” file 
and the “contacts” polyline file. 
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2.2 Laboratory Methods
2.2.1 Sample Selection and Preparation
Sample Selection
Ten different lithologic units were selected for analysis in rock leaching experiments 
(Table 2.1).  Samples were selected based on the abundance of the rock unit in the Small Point 
peninsula.  Multiple samples, with minor variations, of the major lithologic units were selected, 
as well as a few minor lithologic units (Figure 2.3).  This includes the Cape Small Silver Schist 
(Ocsss) and Cape Small Rusty Schist (Ocsrs), the two dominant lithologies found in the study 
area.  These units were important to focus on as it is likely that most bedrock wells drilled in the 
area would penetrate either of the two units.  The other eight samples selected for analysis were 
chosen to highlight the variability of lithologic units on the peninsula.  Seven of these additional 
units were chosen because they were present as a significant mappable formation, though less 
abundant than the Cape Small Formation.  The final unit used in leaching experiments, the 
andalusite/sillimanite vein is not considered to be part of a formation, however intrusions are 
widespread across enough of the peninsula to warrant investigation.  
 
Sample Number Lithology
1 Cape Small Silver Schist (Ocsss)
2 Icebox Calc-Silicate (Oiacs)
3 Cape Small Rusty Schist (Ocsrs)
4 Singing Sands Schist (Ossss)
5 West Marsh Schist (Owms)
6 Graphitic Phyllite (Ogp)
7 Alliquippa Rusty Schist (Oars)
8 Alliquippa Rusty Schist (Oars)
9 Icebox Amphibolite (Oiacs)
10 Andalusite/Sillimanite Vein
Table 2.1  Sampling scheme for lithologies analyzed in this investigation. 
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Figure 2.3  This sample map illustrates the location of the ten different samples analyzed for their impact 
on groundwater chemistry.  Modified from Sive et al. (2012).
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Sample Prep
Samples collected in the field were first organized according to location and lithology.  
From this assortment of samples specimens for leaching experiments were selected.  Effort was 
taken to ensure a wide spatial distribution of the samples to be leached.  Additionally, specimens 
with useful structural or metamorphic features including those with unusual minerals and 
textures were avoided.  These samples were preserved for other analyses by other students.
Once selected, 1,000 g of each sample was crushed into smaller pieces using a Braun 
Chipmunk Jaw Crusher.  Samples were then run through the disk pulverizer with ceramic plates 
to crush the samples down to granule size.  Softer samples that crushed easily were run through 
each machine once, while multiple runs through each side of the machine were necessary for 
harder rocks (Figure 2.4). 
Once crushed, the rocks were run through the Spexmill, Spex 8510 Shatterbox to grind 
the granules of sample into a fine powder.  Finely ground samples were utilized for several parts of 
this investigation including rock leaching experiments and X-ray diffraction analysis.  
Figure 2.4  The Braun 
Chipmunk rock crusher 
(right) and disk pulverizer 
(left).
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2.2.2 Rock Leaching Experiments
To establish the effect that potential lithologic units could have on the groundwater 
chemistry of the region, rock leaching experiments were conducted using water slightly acidified 
with nitric acid (HNO3) as a leaching agent.  For this analysis, 20 g of ground sample (2.2.1) was 
added to an acid rinsed 32 oz. deli container along with 500 mL of slightly acidified water.  Water 
was acidified to a pH of 5.5 to mimic the pH of naturally occurring acid rain, which in a field 
investigation would come into direct contact with bedrock.  Samples were covered and allowed 
to sit for 15 days.  During these 15 days, sampling for ICP-AES (2.2.3) analyses was conducted 
on Days 1, 3, 5, 7, 9, 11, 13, and 15.  Three replicate experiments were set up for each of the ten 
different lithologies sampled for a total of 30 different sampling containers (Figure 2.5).
Thirty minutes prior to sampling the water, deli containers containing the samples were 
thoroughly agitated by hand.  Powdered sample was then allowed to resettle to the bottom of the 
container before 10 mL aliquots of leachate were removed using a volumetric pipette.  The leachate 
was placed in 16 mL conical centrifuge tubes and run on the Thermo Scientific iCAP 6000 Series ICP 
Atomic Emission Spectrometer (ICP-AES), in the Environmental Geochemistry Lab at Bates College.
Figure 2.5  This photo shows all thirty samples as they were set up.  Samples were allowed to sit for 1, 3, 5, 
7, 9, 11, 13, or 15 days.
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2.2.3 Inductively Coupled Plasma-Atomic Emission Spectroscopy
Sample water drawn from leaching experiments was analyzed for major cation 
concentrations and trace elements using Inductively Coupled Plasma-Atomic Emission 
Spectroscopy (ICP-AES) (Figure 2.6).  A series of cations and trace elements were chosen based 
on the likelihood of their presence in sample, what was readily available in a multi-element 
standard for comparison, and which cations were concerning for other groundwater systems in 
the state.  Major cations and trace elements measured in this investigation include aluminum, 
arsenic, calcium, chromium, cadmium, cobalt, copper, iron, potassium, magnesium, manganese, 
sodium, nickel, lead, strontium, uranium, vanadium, and zinc.  However, only data collected 
concerning aluminum, arsenic, calcium, iron, magnesium, and manganese concentrations will 
be presented in the following chapters.  These six cations were selected due to their relationship 
to the human population on the peninsula as either a nuisance to everyday life or as a detriment 
to human health.  Water samples from the leaching experiments were then analyzed using the 
Thermo Scientific iCAP 6000 Series ICP Atomic Emission Spectrometer (Figure 2.6), calibrated 
using a set of standards. The calibration curve was determined by 4 different concentrations 
of SpexCentri Prep Multi-Element Solution 2, a 10 ppm concentrated solution in a 5% HNO3 
matrix.  This standard stock solution was diluted to four different concentrations including a 10 
ppm, 1 ppm, 0.1 ppm, and 0.01 ppm standard, using a volumetric pipette and an acid washed 100 
mL volumetric flask for the dilution. In addition to these standards a blank solution consisting of 
pure 2% HNO3 was used for calibration.
16 mL acid washed conical sample tubes were used to contain the sample in the auto-
sampler unit.  Each filtered sample of leachate was acidified further using 2% HNO3 to reduce the 
pH of solution to 2, before analysis.  Samples and standards were measured using the ICP three 
times, with a quality control (1 ppm standard) sample run every 10 samples.  If the instrument 
did not pass the 10% check on quality control, the instrument was recalibrated and samples were 
rerun.  Correlation coefficients for the calibration curve of each element were at a minimum 
0.9998, with the vast majority of elements correlating even closer to 1.0000.
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Concentrations of various elements present in solution were determined by comparing 
electromagnetic emissions from each sample to a calibration curve.  Found concentrations of each 
cation were then compared to each other using an average ± a standard deviation to determine 
the concentration on a given sample day.
Figure 2.6  A simplified schematic of an ICP-AES is presented.  From Dunnivant and Ginsbach (2008). 
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2.2.4 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) operates under the pretense that, “… .every crystalline 
substance gives a pattern; the same substance always gives the same pattern; and in a mixture 
of substances each produces its pattern independently of the others” (Hull, 1919).  Measured 
diffraction patterns allow for specific analysis of different minerals with a lithologic unit, by using 
d-spacing as an identifier.  Powdered samples of unleached rocks, as well as leached rock (dried 
at the conclusion of leaching experiments using a Precision® 51221132 drying oven with 105°C 
capabilities at 65°C for 24 hours) were packed into aluminum sample trays and analyzed using 
a Rigaku MiniFlexII Desktop X-ray Diffractometer.  Parameters for measurement were kept the 
same for each sample, using a start angle of 10°, a stop angle of 60°, a scan speed of 2.00°/minute, 
and 30 kV of energy.  MDI Jade 9 software was then used to create a list of minerals that could be 
present in each sample, based on the generated diffractogram.  Specific minerals were identified 
using the Jade 9 software in conjunction with identification of minerals through hand samples, 
thin sections of the different samples (in some cases), and general knowledge of the area.  Leached 
samples were run in addition to the unleached samples to identify any potential secondary 
minerals that could have precipitated during the leaching experiments.
2.2.5 Scanning Electron Microscope-Energy Dispersive Spectroscopy (SEM-EDS)
Scanning Electron Microscope/Energy Dispersive Spectroscopy (SEM/EDS) analysis was 
conducted at Bates College to create an elemental concentration map for samples in thin section.  
Electron mapping allows one to determine the concentrations of elements in the host minerals 
and to do so spatially throughout a thin section.  It is possible then to identify which mineral 
phases are likely sources of certain cations in the rock/water leachate.  This is not possible with 
whole rock samples using XRD.
A JEOL JSM-6100 SEM-EDS was utilized to generate x-ray maps of major element 
concentrations.  Polished thin sections were used to create elemental concentration maps of four 
different rock units, Ocsss, Ocsrs, Oiacs, and Ogp.  Thin sections, were obtained from Haley Sive, 
Heater Doolittle, and Peter Miller.  These slides were first carbon coated and a piece of aluminum 
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tape was applied to deflect excess electrons from the surface of the thin section.  Thin sections, 
once coated, were then inserted into the main chamber of the electron column and brought 
to a vacuum.  A focused beam of electrons was then used to excite electrons in the sample to 
a higher energy level.  The sample slide was bombarded by electrons at 20 keV.  When then 
electrons return to their ground state, electromagnetic radiation (x-rays) in the form of a photon 
is released.  Elements release characteristic x-rays, which can be used to fingerprint the element 
present in that particular section of the thin section. 
Chapter 3: 
Results
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3.1 Rock Water Leaching Experiments
3.1.1 Overview
Rock leaching experiments were utilized to determine the likelihood of the mobilization 
of various cations from bedrock into the groundwater system. The results from this analysis, 
while not conducted under ideal groundwater conditions, indicate that there is a correlation 
between host lithology and cations leached.  It appears from my analyses that concentrations of 
trace elements in solution, in particular, are heavily dependent on the bedrock that they interact 
with.  The following section will address the degree to which cations were mobilized from various 
bedrock units. Ideally, data from the leaching experiments would be supplemented in the future 
with ICP analyses of water extracted from bedrock wells within each lithologic unit of interest.
3.1.2 Andalusite/Sillimanite Vein
While not a mappable unit, the andalusite/sillimanite vein was chosen for analysis due to 
the fact that it can frequently be seen in a variety of units contained within the study area.  The 
particular sample used in the leaching experiment was obtained from a large vein on Hermit Island 
(Figure 2.3).  Sample 10 did not release significant concentrations of trace elements, but did release 
elevated concentrations of aluminum, calcium, iron, and magnesium (Figure 3.1).  Aluminum 
concentrations decreased over the sampling interval from 76.13 ppm  on Day 1.  Al concentrations 
were the most elevated on Day 1, with a steady decrease seen over the sampling period.  
Concentrations of Al in leachate were the lowest on Day 5.  A sharp decrease prior to Day 5 and a 
sharp increase in concentrations by Day 7 can be seen.  Iron concentrations in solution were the 
highest on Day 1, with a concentration of 16.18 ppm with a steady decrease in values seen through 
Day 7 and 9.  Concentrations then increased through Days 11, 13, and 15 to a final concentration of 
12.65 ppm.  Calcium and magnesium on the other hand increased in concentration over the time 
period, with an increase from 4.68 ppm to 17.34 ppm and 5.93 ppm to 25.45 ppm respectively.  A 
similar trend can be seen in the behavior of these cations, as concentrations increase in steps, with 
values plateauing between Days 7 and 9 before increasing again to a steady level from Days 11-15.
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3.1.3 West Marsh Schist
The West Marsh Schist is a lithologic unit, part of the larger West Marsh Formation, that is 
only seen in the northeastern portion of the study area (Figure 2.3).  Aluminum and iron were the 
only two cations to leach at concentrations above EPA/WHO guidelines (Figure 3.2).  Aluminum 
and iron concentrations paralleled each other, with both showing a maximum concentration 
on Day 1 and a sharp decrease in concentrations from Day 1 to 3.  Aluminum levels decreased 
from 20.09 ppm on Day 1, to 1.07 ppm on Day 15, while iron concentrations decreased from 
21.46 ppm to 1.53 ppm.  Calcium and magnesium levels were also paired, as parallel effect, with 
a general increase seen over the study interval.  Calcium concentrations progressively increased 
from 1.05 ppm to 4.23 ppm, while magnesium stepped up abruptly from ~6 ppm (Days 1,3,5) to 
~12 (7-15).  Minimal leaching of trace elements was seen.  Manganese concentrations gradually 
increased over the study period, leveling off at a concentration of 0.40 ppm by Day 7.
0
10
20
30
40
50
60
70
80
Al As Ca Fe Mg Mn
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Cations Leached 
Day 1
Day 3
Day 5
Day 7
Day 9
Day 11
Day 13
Day 15
Figure 3.1 Results from the leaching of Sample 10, a sample from an andalusite/sillimanite vein on 
Hermit Island.
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3.1.4 Graphitic Phyllite
Concentrations of aluminum, calcium, iron, magnesium, and manganese all increased 
over the study period in the graphitic phyllite sample,  taken from Small Point Harbor (Figure 
1.1).  The graphitic phyllite was one of the only samples to display an overall increase in the 
cations analyzed (Figure 3.3).  Aluminum, in particular is noteworthy, as it is one of the 
only samples that showed an increase in aluminum concentrations over time, where after an 
initial value of 5.24 ppm, concentrations dropped through Day 5 before they increased again.  
Some fluctuation was seen, but ultimately an overall increase can be seen by Day 15, where 
concentrations measured 7.24 ppm on Day 15.  Concentrations of calcium, iron, and magnesium 
were extremely similar in both concentrations over time, as well as in terms of the values 
themselves.  Ca varied from 0.22 ppm to 10.81 ppm,  Fe varied from 2.52 ppm to 10.63, and Mg 
varied from 0.53 ppm to 10.91 ppm from Day 1 to 15.  Concentrations of manganese, increased 
over the first 3 days before levelling off close to 1 ppm.
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Figure 3.2 Results from the leaching of Sample 5, a sample of West Marsh Schist (Owms).
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3.1.5 Alliquippa Rusty Schist
Two samples of Alliquippa Rusty Schist (Oars) were utilized in leaching experiments 
to determine variability within the Alliquippa Rusty Schist unit, in particular the lithologic 
variability associated with the inner harbor area (Figure 1.1; Sive 2012).  Sample 7 was taken on 
one of the small islands in southern end of Small Point Harbor.  Sample 8 on the other hand was 
subsampled further to the north on northern tip of Hermit Island (Figure 2.3).
Sample 7, displayed a trend seen in many of the other samples analyzed, where aluminum 
concentrations peaked on Day 1, with concentrations decreasing significantly by Day 3 (Figure 
3.4).  Following this initial decrease in value, aluminum concentrations from Days 5-15 decreased 
steadily, yielding a final concentration of 1.61 ppm.  A similar trend can be seen with iron 
concentrations, where after concentrations peaked on Day 1 at 2.86 ppm, a rapid decrease is 
seen.  Values level off around Day 7, with the final concentration of iron in solution recorded at 
0.32 ppm.  Concentrations of calcium and magnesium increased over the sampling period, with 
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Figure 3.3 Results from the leaching of Sample 6, a sample of Graphitic Phyllite (Ogp).
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calcium concentrations steadily increasing to ~2 ppm between Day 1 and 5.  Values then step up 
on Day 7 to before plateauing on Day 9  at 7.35 ppm.  Magnesium concentrations increased over 
the study period in two step jumps.  The first of which is an initial increase from 0.1 ppm seen 
through Day 5, followed by a sharper increase on Days 7 and 9 where concentrations plateau at 
0.33 ppm. Finally, manganese concentrations increase over the course of Days 1 and 3 before 
plateauing on Day 7 at 0.32 ppm.
Slightly different trends were observed in Sample 8 (Figure 3.5).  Concentrations of 
aluminum generally decreased over the study period, with a sharp decrease from 105.4 ppm 
on Day 1 to 23.4 ppm on Day 3.  Concentrations then rose again briefly between Days 5-7 
before dropping again on Day 9 to values close to 18.5 ppm.  Calcium concentrations within 
Sample 8 were radically different from Sample 7, as well as all of the other lithologies studied, 
as concentrations of calcium decreased over time.  Between Days 1 and 9, Ca concentrations 
decreased from 39.66 ppm to 8.86 ppm.  Following this decrease, concentrations increased 
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Figure 3.4 Results from the leaching of Sample 7, one of two samples of Alliquippa Rusty Schist (Oars).
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throughout the remainder of the study interval.  Magnesium trends in Sample 8 paralleled Sample 
7 with a gradual increase over time from 2.70 ppm to 5.70 ppm, though rather than a stepping 
motion the increase in value is more gradual.  Additionally, a similar decreasing trend can be seen 
in iron concentrations over time where values decreased from 8.18 ppm on Day 1 to a 1.75 ppm 
on Day 9, after which values remained relatively consistent.  Manganese concentrations showed a 
gradual decrease over time, as values were reduced from 2.93 ppm to 0.79 ppm.
3.1.6 Cape Small Rusty Schist
One sample of Cape Small Rusty Schist, taken from Icebox Beach was analyzed for 
leached cations (Figure 2.3).  Large amounts of iron, the highest of all samples, were released into 
leachate (Figure 3.6).  Concentrations rapidly increased over the first 5 days of sampling before 
peaking at 222.9 ppm on Day 7.  Concentrations then dropped slightly, but continued to be 
present at levels greater than 150 ppm, well above EPA/WHO guidelines.  Aluminum, calcium, 
magnesium also leached into solution, with aluminum concentrations increasing through Day 7, 
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Figure 3.5 Results from the leaching of Sample 8, one of two samples of Alliquippa Rusty Schist (Oars) samples.
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before decreasing slightly on Days 9-15.  Al concentrations ranged from 1.62 (Day 13)-4.97 ppm 
(Day 3).  Calcium and magnesium values increased overall throughout the study interval, with 
calcium concentrations increasing from 1.36 ppm to 6.75 ppm on Day 11, where concentrations 
plateaued. Magnesium concentrations increased overall, with concentrations increasing from 3.53 
ppm (Day 1) to 14.45 ppm (Day 15).
3.1.7 Icebox Amphibole-Rich Calc-Silicate
Two samples of the Icebox Amphibole-Rich Calc-Silicate (Oiacs) unit were chosen for leaching 
experiments.  The samples are considered to be grouped within the same larger lithologic unit based on 
stratigraphy and their position in the overall map pattern (Figure 1.10); however they are slightly different 
specimens with different bulk compositions.  Sample 2, located in close proximity to Head Beach (Figure 
1.1), leans more towards a calc-silicate, whereas Sample 9, located further northeast is more closely related 
to an amphibolite (Figure 2.3).  The diversity of these two samples is reflective of the wide spectrum of 
rocks that was can be classified as Oiacs.
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Figure 3.6 Results from the leaching of Sample 3, a Cape Small Rusty Schist (Ocsrs) sample. 
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Both samples showed elevated concentrations of aluminum, calcium, iron, and magnesium in 
the final leachate solution (Figures 3.7 and 3.8).  In Sample 2 (Figure 3.7), aluminum concentrations 
show elevated levels of 232.9 ppm on Day 1, with values dropping by Day 3 and 5 to the lowest seen 
in the study period.  Concentrations increased significantly to 72.6 ppm on Day 7, before dropping off 
again on Day 9 where values remained consistent until the end of the sampling period at ~6.5 ppm.  
Calcium concentrations also start at extremely elevated levels on Day 1 with a concentration of 183.9 
ppm.  Ca concentrations then decreased significantly on Days 2 and 5 to the lowest of the sampling 
period, paralleling trends observed with Al and Fe concentrations.  Calcium then increased on Day 7, 
before plateauing at values well above EPA/WHO guidelines for the remainder of the study.  Final Ca 
concentrations in leachate were measured at 123.9 ppm.  Iron and magnesium concentrations showed 
for the most part showed a gradual increase with time.  Iron concentrations spiked on Day ,1 at a 
concentration of 11.59 ppm, before dropping off slightly on Days 3 and 5.  Concentrations then increased 
leveling off by Day 15.  Magnesium concentrations peaked at 20.03 ppm on Day 7, reflecting a gradual 
0
50
100
150
200
250
Al As Ca Fe Mg Mn
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Cations Leached 
Day 1
Day 3
Day 5
Day 7
Day 9
Day 11
Day 13
Day 15
Figure 3.7 Results from the leaching of Sample 2, an Icebox Calc-Silicate(Oiacs) sample. 
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increase in concentrations over the study period.  Magnesium concentrations similarly leveled by Day 
9.  Sample 2 was also one of two samples to leach arsenic at detectable concentrations. Concentrations 
surpassed EPA/WHO guidelines for the entirety of the sampling period with values peaking at 0.31 on 
Day 1, with a steady decrease to concentrations of 0.03 by Day 9 observed.
In Sample 9, the amphibolite end member of Oiacs, leached much smaller concentrations 
of aluminum and calcium than its calc-silicate counterpart.  Aluminum concentrations followed an 
interesting trajectory over the study period with the greatest value, 36.90 ppm, seen on Day 1 followed by 
a decrease in Al concentrations to ~15 ppm, a value recorded on Days 3, 7, 11, 13, and 15.  Interestingly 
concentrations decreased significantly on Day 5 and increased quite suddenly on Day 9  to 23.82 ppm, 
before dropping off again.  Calcium increased steadily increasing from 3.73 ppm on Day 1 and leveling 
off on Day 7 at 9.58 ppm.  Sample 9 also differed from Sample 2, not surprisingly as it is an amphibolite, 
in that the concentrations of iron far exceed concentrations of calcium.  Iron concentrations in the 
amphibolite (Sample 9) decreased steadily over the sampling period from 39.72 ppm on Day 1 to the 
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Figure 3.8 Results from the leaching of Sample 9, an Icebox Amphibolite(Oiacs) sample. 
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lowest recorded value of 3.68 ppm on Day 7.  Values then increased significantly on Day 9, before 
dropping again to a value of 10.77 on Day 9.  After Day 9, concentrations of iron in solution increased 
slightly to 15.47 ppm, showing an over all decrease from the start of the sampling period. Magnesium 
concentrations remained relatively homogenous with an initial measured value of 14.45 ppm on Day 1 
and similar values seen on Days 7, 9, 11, 13, and 15. A slight decrease in concentrations can be seen on 
Days 3 and 5 where values drop to 8.41 ppm.  Values of trace elements such as manganese proved to be 
similar between the two samples.  Manganese concentrations for Sample 9 ranged from 0.00 to 0.143 
ppm, showing a slight increase over time.  In Sample 2, manganese values increased up until Day 7 where 
concentrations peaked at 2.40 before gradually decreasing to 0.34 on Day 15.
3.1.8 Cape Small Silver Schist
One sample of the Cape Small Silver Schist, obtained from the western side of Gooseberry 
Island was used in the leaching experiment (Figure 1.1).  During the course of the experiment 
aluminum, calcium, iron, magnesium, manganese, and lead were leached into solution at 
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Figure 3.9 Results from the leaching of Sample 1, a Cape Small Silver Schist(Ocsss) sample. 
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detectable concentrations (Figure 3.7). Aluminum and iron concentrations both followed a 
similar progressively decreasing trend, with high concentrations initially followed by lower 
uniform concentrations after days 7 and 5, respectively.  Aluminum concentrations peaked at 
65.79 ppm and exhibited a decrease in value to 5.86 ppm by day 15.  Iron concentrations peaked 
on day one at 84.76 ppm and decreased to 2.98 ppm by Day 9.  Problems calibrating the iron 
standards resulted in data collection for only the first 9 days of the experiment. Calcium and 
magnesium concentrations also varied over the time period, with an initial increase seen in Days 
1 and 3, followed by a decrease in concentrations on Days 5, 7, and 9.  Concentrations reached 
a maximum on Day 13 with calcium concentrations increased from 9.36 ppm to 15.51 ppm 
and magnesium concentrations increasing to 28.04 ppm on Day 13.  Following this spike in 
concentrations, both Mg and Ca concentrations dropped on Day 15, the last day of leaching.
Trace elements released from the Cape Small Silver Schist matrix include minor amounts 
of manganese.  Concentrations of manganese remained relatively stable over the study interval, 
with concentrations gradually increasing on Days 1, 3, and 5 and then plateauing at 0.24 ppm.
3.1.9 Singing Sands Schist
The Singing Sands Schist, a minor unit within the study area,is a derivative of the Cape Small 
Silver Schist that is a narrow unit only seen in the southern portion of the study area (Figure 2.3).  
The Singing Sands Schist was divided from this larger lithology due to differences in texture and 
mineral assemblage.  Differences in mineral assemblage are significant in that this sample leached the 
widest variety of cations into solution. Aluminum, calcium, iron, and magnesium were all detected.  
Aluminum concentrations following a similar trend as in all the other samples decreased from 5.26 
ppm to 0.17 ppm over the study.  Calcium values were seen to increase until Day 7, peaking at 10.75 
ppm, where they then decreased slightly through Day 15, yielding a final concentration of 7.86 ppm. 
Iron concentrations paralleled aluminum concentrations, decreasing over the study period from 5.17 
ppm to 0.11 ppm on Day 15. Magnesium concentrations generally increased over the study period, 
with the exception of Days 11 and 13 where values dropped unexpectedly.  Concentrations on Day 1 
were 1.69 ppm and concentrations on Day 15 were 13.95 ppm.
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Trace elements including arsenic and manganese were also detected within the sample. Arsenic 
levels associated with the Singing Sands Schist were the highest in the study area. Concentrations 
increased over the study through Day 9 where they peaked at 1.1431 ppm.  Measurements of arsenic 
levels were not able to be conducted on Days 13 and 15. Manganese concentrations were also elevated 
in the study area with a general increase seen through time.  Concentrations of manganese ranged 
from 1.488 ppm to 2.741 ppm.  Manganese concentrations were not detected on Days 11 and 13.
3.1.10 Summary
Due to vast differences in the concentration of cations released from the previously 
described lithologies, summary diagrams (Figures 3.11-3.13) are presented to illuminate 
differences in cation across the peninsula in addition to the differences seen within a singular 
sample.  In addition, EPA/WHO guidelines for cation concentrations in groundwater are 
indicated.
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Figure 3.10 Results from the leaching of Sample 4, a member of the Singing Sands Schist (Ossss).
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Figure 3. 11  Block A illustrates variations in aluminum concentrations across the peninsula.  Lithologic 
units are presented in stratigraphic sequence from left to right.  Block B illustrates variability in iron 
concentrations.  EPA/WHO contaminant guidelines are indicated by the dotted red line.
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Figure 3.12  Block A illustrates variations in calcium concentrations across the peninsula.  Lithologic 
units are presented in stratigraphic sequence from left to right.  Block B illustrates variability in 
magnesium concentrations.  EPA/WHO contaminant guidelines are indicated by the dotted red line.
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Figure 3.13  Block A illustrates variations in aresnic concentrations across the peninsula.  Lithologic 
units are presented in stratigraphic sequence from left to right.  Block B illustrates variability in manganese 
concentrations.  EPA/WHO contaminant guidelines are indicated by the dotted red line.
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3.2 X-Ray Diffraction
3.2.1 Overview
Results for X-Ray Diffraction analysis were generated through Jade9 software, where 
the generated diffractograms are matched against a known database of diffraction peaks.  The 
database used as the indicator for mineral species was the MDI 500 database which includes 
not only known diffraction patterns for various minerals, but also contains structural data, i.e. 
d-spacing.  Results from this analysis were matched in the case of the Cape Small Silver Schist, the 
Graphitic Phyllite, one sample of the Icebox Amphibolite-Rich Calc-Silicate, and the Cape Small 
Rusty Schist with a thin section that was obtained from the same sample.  Thin sections were 
not available for the other 6 samples analyzed in this study.  This analysis was undertaken in an 
attempt to quantify the changes in mineral concentrations that were observed at the conclusion 
of the leaching experiments.  Diffractograms from leached and unleached powdered samples 
were compared to determine if there were secondary precipitated minerals in solution that could 
account for the unexpected shifts in concentrations obtained during the leaching experiments. 
Ultimately there were very minor differences between the two diffraction patterns. Even in the 
unleached samples in comparison to mineral identification using thin section, it appears that 
the Jade9 software is not a reliable way of identifying minerals present in an unknown mineral 
assemblage.  Some of the peaks identified make sense in the context of thin section or in some 
cases a hand sample, while others do not. The software was unable to accurately predict the 
mineral assemblage of the unleached samples and furthermore did not distinguish differences 
between the leached and unleached samples.  Data will be presented, though there is a great 
amount of skepticism that needs to be associated with the following plots. 
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3.2.2 Andalusite/ Sillimanite Vein
X-ray diffraction on Sample 10, an andalusite/sillimanite vein, was one of the few 
instances where the anticipated mineralogy was identified by the Jade9 software.  In this instance, 
andalusite accounted for 59.8%, while sillimanite accounted for only 11.8%.  Labradorite 
comprised of 17.8% of the total assemblage, while quartz made up the smallest portion with 
11.1% of the total mass.
Figure 3.14 Results from XRD analysis of the andalusite/sillimnite vein.
Phase ID Wt %
Sillimanite Al2SiO5 11.8
Andalusite Al2SiO5 59.8
Quartz SiO2 11.1
Labradorite (Ca,Na)(Si,Al)4O8 17.3
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3.2.3 Alliquippa Rusty Schist
Sample 8
Results from X-ray diffraction of sample 8, the second of two Alliquippa Rusty Schist 
samples indicate a three mineral assemblage, with quartz (59.1%), anorthite (36.3%), and 
muscovite (4.6%).  While it is very likely that all three of these minerals are present within the 
study location, there are many more minerals identified through other means that were not 
picked up in the diffractogram. Biotite and garnet, two minerals widely observed within the 
formation in the field were not observed in labratory experiments though it is known that they 
are present, in some cases at high concentrations. 
Figure 3.15 Results from XRD analysis of the second Alliquippa Rusty Schist sample ( Sample 8).
Phase ID Wt %
Quartz SiO2 59.1
Anorthite CaAl2Si2O8 36.3
Muscovite 
(K,Na)Al2(Si,Al)4O10(OH)2
4.6
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3.2.4 Icebox Amphibole-Rich Calc-Silicate
Icebox Calc-Silicate (Sample 2)
X-ray diffraction performed on Sample 2, the calc-silicate end member of the Icebox 
Amphibole-Rich Calc-Silicate, identified three components of the mineral assemblage, quartz 
(37.8%), graphite (38.1%), and labradorite (24.1%).  By only generating reportable results for 3 
different minerals, XRD was not able to function on its own as a true indicator of the mineral 
assemblage.
Figure 3.16 Results from XRD analysis of the calc-silicate end member of the Icebox Amphibole-Rich 
Calc-Silicate lithology (Sample 2).
Phase ID Wt %
Quartz SiO2 37.8
Graphite C 38.1
Labradorite (Ca,Na)(Si,Al)4O8 24.1
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Icebox Amphibolite (Sample 9)
Diffraction patterns generated from a portion of Sample 9, the amphibolite member of 
the Icebox Amphibole-Rich Calc-Silicate also fell short of expectations.  Four minerals, quartz 
(42.6%), labradorite (48.4%), actinolite (7.2%), and indialite (1.9%) were impilcated.  While these 
minerals present an interesting story and may be part of the total mineral assemblage there are a 
few notable pieces absent.  These include other amphiboles such as hornblende, cummingtonite, 
or anthophyllite.
Figure 3.17 Results from XRD analysis of the amphibolite end member of the Icebox Amphibole-Rich 
Calc-Silicate (Sample 9).
Phase ID Wt %
Quartz SiO2 42.6
Indialite Mg2(Al4Si5O18) 1.9
Labradorite (Ca,Na)(Si,Al)4O8 48.4
Actinolite 
Ca2(Mg,Fe2+)5Si8O22(OH)2
7.2
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3.2.5 Cape Small Silver Schist
Analysis of the Cape Small Silver Schist using XRD revealed a four part mineral composition 
which includes quartz (32.3%), graphite (31.8%), almandine (20.6%), and bytownite (15.3%).  All 
four of these minerals are likely present to some extent within the mineral assemblage, however 
the ratios at which they are present appears to be skewed based on hand sample analysis.  Notably 
missing from the list of minerals generated by Jade9 are the micas, muscovite and biotite, both of 
which are found in large concentrations throughout the sample area.
Figure 3.18 Results from XRD analysis of the Cape Small Silver Schist (Sample 1). 
Phase ID Wt %
Quartz SiO2 32.3
Almandine Fe3Al2(SiO4)3 20.6
Graphite C 31.8
Bytownite (Ca,Na)(Si,Al)4O8 15.3
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3.2.6 Singing Sands Schist
X-ray diffraction analysis of the Singing Sands Silver Schist revealed the mineral 
assembalge to be quartz (60.7%), andalusite (25.6%), bytownite (13.7%), and spessartine (0.01%) 
(Figure 3.23).  These mineral constituents are known to be present in the sample, however 
the ratio of minerals to one another does not work well with observations made from hand 
samples.  Certain key elements that were readily identified in the field but not through XRD 
analysis include sillimanite, muscovite, biotite, and staurolite.  An attempt to alter identification 
parameters to correct for background noise and overlapping signals.  However none of these 
attempts was able to generate a better fitting diffractogram for the sample of Ossss. 
Figure 3.19 Results from XRD analysis of the Singing Sands Silver Schist (Sample 4).
Phase ID Wt %
Quartz SiO2 60.7
Spessartine Mn3Al2(SiO4)3 0.01
Andalusite Al2SiO5 25.6
Bytownite (Ca,Na)(Si,Al)4O8 13.7
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3.3 Thin Section Analysis
3.3.1 Overview
Thin sections were available for 4 of the 10 samples used in the leaching experiments, due 
to overlaps with the other Small Point theses (Doolittle, 2012; Miller, 2012; Sive, 2012).  These 
thin sections included a sample of the Cape Small Rusty Schist, a sample of the Cape Small Silver 
Schist, an Icebox Amphibole-Rich Calc-Silicate, and a sample of the graphitic phyllite.  Where 
thin sections were available, samples from that same rock sample were utilized in the leaching 
experiments.  This means that the sample of Cape Small Rusty Schist seen in thin section directly 
correlates to Sample 3. Thin sections were utilized for both mineral identification, as well as x-ray 
mapping where the concentrations of key elements were measured using the SEM-EDS. 
3.3.2 Graphitic Phyllite
The graphitic phyllite is a minor lithology in the study area; however it is vastly 
different from everything else seen in the area and is located in an area where there is the 
highest concentration of homes in the area.  The thin section obtained for the graphitic phyllite 
corresponds directly with Sample 6 utilized in the leaching experiments (3.1.4).  Minerals 
identified using a petrographic microscope under plane polarized light include, quartz (SiO 2), 
biotite (K(Mg,Fe, Mn)3(AlSi3O10)(F,OH)2), garnet ((Fe,Mg,Mn)3Al2Si3O12), graphite (C), and other 
opaque minerals (Figure 3.20).  X-ray mapping showed loose correlations of aluminum, iron, 
potassium, and silica in the specific section of the thin section.
3.3.3 Cape Small Rusty Schist
The sample of Cape Small Rusty Schist seen in thin section directly corresponds to Sample 
3 utilized in the leaching experiments and XRD analyses.  In thin section it was determined 
that the mineral assemblage contained quartz (SiO2), biotite (K(Mg,Fe, Mn)3(AlSi3O10)(F,OH)2), 
muscovite (KAl3Si3O10(F,OH)2), as well as an assortment of opaque minerals not distinguishable 
in thin section.  Analysis of hand specimens of Ocsrs  indicated a rusty-weathered quartz + 
plagioclase-biotite-garnet schist.  These two identifications work well together and are supported 
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by x-ray mapping of the unit (Figure 3.21).
X-ray mapping was conducted on the same section of the slide seen photographed in the 
upper two photographs of Figure 3.21.  Maps of calcium, iron, potassium, and silica ions loosely 
support concentrations seen in the leaching experiments.
3.3.4 Icebox Calc-Silicate
The thin section of the calc-silicate used for analysis ties into Sample 2, obtained from 
the area near Head Beach.  Thin section mineral identification revealed the presence of quartz, 
garnet, opaque minerals, and monazite. Also seen in section is what appears to be actinolite 
and potentially other amphibole group minerals (Figure 3.22).  X-ray mapping revealed 
concentrationsof aluminum, calcium, iron, and silica
3.3.5 Cape Small Silver Schist
The sample in Figure 3.23 of Cape Small Silver Schist is the equivalent of Sample 1 seen 
previously in the leaching experiments. The Cape Small Silver Schist is present in many different 
locations throughout our study area and is one of the most prominent lithologies.  Thin section 
analysis yielded the identification of quartz, garnet, biotite, opaque minerals, monazite, and others 
not seen in the snapshot from the microscope in Figure 3.23 including andalusite, sillimanite, 
and staurolite.  X-ray mapping of the thin sections was conducted to look for concentrations of 
calcium, iron, potassium, and silica.  
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Figure 3.20  Thin section analysis of the graphitic phyllite (Ogp). Clockwise from top left, thin section under 
plane polarized light, SEM/EDS, x-ray map of iron concentrations, x-ray map of silica concentration, x-ray map 
of potassium concentration, and x-ray map of aluminum concentrations the thin section shown spatially.
Graphite: C
Biotite: K(Fe,Mg)3AlSi3O10(OH)2
Quartz: SiO2
Opaque Minerals Garnet: (Fe,Mn, Ca)3Al2Si3O12
Al Fe
K S
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Figure 3.21  Thin section analysis of the Ocsrs. Clockwise from top left, thin section under plane polarized 
light, SEM/EDS, x-ray map of iron concentrations, x-ray map of silica concentration, x-ray map of potassium 
concentration, and x-ray map of calcium concentrations the thin section shown spatially.
Quartz: SiO2
Opaque Minerals
Muscovite: KAl2(AlSi3O10)(F,OH)2Opaque Minerals
Biotite: K(Fe,Mg)3AlSi3O10(OH)2
Ca Fe
K Si
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Figure 3.22 Thin section analysis of the Oiacs. Clockwise from top left, thin section under plane polarized 
light, SEM/EDS, x-ray map of calcium concentrations, x-ray map of silica concentration, x-ray map of iron 
concentration, and x-ray map concentrations of aluminum the thin section shown spatially.
Monazite:(Ce,La,Nd,Th)PO4
Quartz: SiO2
Opaque Minerals
Garnet: (Fe,Mn, Ca)3Al2Si3O12
Al Ca
Fe Si
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Figure 3.23 Thin section analysis of the Ocsss. Clockwise from top left, thin section under plane polarized 
light, SEM/EDS, x-ray map of iron concentrations, x-ray map of silica concentration, x-ray map of potassium 
concentration, and x-ray map of calcium concentrations the thin section shown spatially.
Monazite:(Ce,La,Nd,Th)PO4Quartz: SiO2
Opaque Minerals Biotite: 
K(Fe,Mg)3AlSi3O10(OH)2
Garnet: (Fe,Mn, Ca)3Al2Si3O12
Ca
K
Fe
Si
Chapter 4: 
Discussion
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4.1 Simulated Groundwater Processes
Based on rock-water leaching analysis, concentrations of trace elements and to a lesser 
extent major cations in solution are heavily dependent on the bedrock that they interact with.  
The two dominant cations in various leachates was aluminum and iron, with elevated manganese 
concentrations seen in most samples.  Frequently, a correlation was seen between the release of 
aluminum, iron, and manganese.  This was especially true with samples of schist and calc-silicate.  
The Singing Sands Schist (Ossss) and the Icebox Amphibole Rich Calc-Silicate (Oiacs) were the 
two lithologies that leached the widest variety of cations into solution.  Not only did they release 
a wide variety of cations, but Ossss and Oiacs were the only two lithologies within the study area 
that showed the ability to leach arsenic at elevated concentrations. 
4.1.1 Andalusite/Sillimanite Vein
Andalusite/sillimanite veins contribute a very small percentage to the total area of Small 
Point bedrock, however due to their incorporation in many of the other lithologies studied, in 
particular the Cape Small Silver Schist their analysis was merited.  Distinct veins of andalusite/
sillimanite were seen with regularity on Hermit Island, especially in the southern portion of the 
island (Figure 4.1).  The mineral assemblage of these veins, was determined in the field to be 
predominantly andalusite and sillimanite, with minor inclusions of quartz and plagioclase.  This 
preliminary analysis was confirmed through XRD analysis (Figure 3. 11).  Aluminum, calcium, iron, 
and magnesium were all released into solution at detectable concentrations.  The presence of all 
leached minerals, with the exception of aluminum, indicates a significant presence of minerals other 
than the aluminosilicates.  In this case it is likely that the additional cations seen in the supernatant 
were contributed to solution by some variety of plagioclase.  Leaching from plagioclase varieties, 
such as bytownite (An70- An90) or labradorite (An50- An50) would account for the release of calcium 
and magnesium into the leachate.  Concentrations of iron less than 20 ppm were seen throughout 
the investigation, indicating that trace concentrations of iron were readily leached into solution.  It 
remains unclear where trace concentrations of iron are located within the mineral assemblage. 
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4.1.2 West Marsh Schist
The West Marsh Schist (Owms) is a large group of stratigraphic units that are the 
youngest in the study area and are lightly deformed (Figure 4.2; Sive, 2012).  This unit has been 
tied stratigraphically by Sive (2012) to the Scarborough formation that Hussey and Berry (2006) 
have previously identified in the area.  Owms is a fine-grained, metapelitic quartz + muscovite + 
plagioclase + biotite schist with varying mica, amphibole, and garnet content.  ICP-AES analysis 
revealed the highest magnesium concentrations, as well as elevated levels of aluminum and iron 
(Figure 3.2).  In this case it seems likely that leaching of magnesium in particular is coming 
from biotite (K(Mg,Fe)3(AlSi3O10)(F,OH)2).  The dissolution of biotite would also account for the 
increase in iron and aluminum concentrations.  Chae et al. (2006) look at the dissolution of biotite 
in pure water and found among other things that both iron and calcium concentrations increased 
over a period of 1200 hours, a phenomena witnessed in this study’s leaching investigation. Minor 
calcium concentrations contained within the biotite could potentially be leaching as well, as Mg 
and Fe contributing to the slightly elevated peak that is seen by Day 15.  Trace concentrations of 
calcium could also be observed in any of the other minerals found within the West Marsh facies.  
Also relevant to this study, Chae et al. (2006) used three different sized fractions of rock for their 
analyses.  Their work shows that the finest grained particles increased the concentrations of all 
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2-10 centimeter knobs along the outcrops due to its resistance to weathering. In some cases 
andalusite crystals show signs of extension and boudinage with a North-South trend, parallel to 
the L3 lineation of the D3 Cape Small Synform (Figure 3.7). Sillimanite is rarely identifiable in 
hand sample with the exception of the aluminosilicate veins and exposures of the Singing Sands 
member.
Two generations of andalusite growth are evident i  Ossss at Singing Sands, with both 
pseudomorphed andalusite (replaced by muscovite) and fresh andalusite present evident in hand 
sample (Figure 3.8). The pseudomorphs of andalusite are evidence of M2, and the fresh andalusite 
is evidence of M3.
Biotite at Small Point shows two periods of growth, one with a strong foliation parallel to 
Figure 3.6: An andalusite-sillimanite vein from southern Hermit Island in Ocsss. The andalusite 
(pink) is paired with interstitial fibrolitic sillimanite (white). The surrounding Ocsss is enriched 
in tourmaline and biotite proximal to the vein.
Figure 4.1 Photograph of an 
andalusite/sillimanite vein.  This 
photo was taken on southern Hermit 
Island (Figure 1.1).  Photo courtesy of 
Prof. Dyk Eusden (2011).
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measured cations at a faster rate and at higher concentrations than their larger sized counterparts. 
This confirms the baseline assumption of this investigation that states that smaller particles 
would be indicative of a maximum leaching scenario in the limited time frame of the leaching 
experiments. The increased surface area of the smaller sized grains create a larger area over which 
leaching can occur, thus intensifying the results of the leaching experiments (Chae et al., 2006).
4.1.3 Graphitic Phyllite
The graphitic phyllite (Ogp) is a rusty-weathered black quartz + graphite + muscovite 
+ biotite phyllite, that contains a significant amount of graphite (Figure 4.3).  It is found in the 
greatest density in the Small Point Harbor area, near Lobsterman’s Cove (Figure 1.1).  Sive (2012) 
links this unit to the Diamond Island Formation, mapped by Hussey and Berry (2006) a black 
quartz-graphite-muscovite phyllite, that is younger than the Cape Small Formation.  Cations of 
concern in this unit include aluminum, iron, and manganese, all of which leached into solution at 
concentrations greater than EPA/WHO guidelines.  It is unclear the direct origin of these elevated 
concentrations, however it seems likely that a large contributor to ions in solution is related to 
muscovite (KAl2(AlSi3O10)(F,OH)2)) and biotite (K(Mg,Fe,Mn)3(AlSi3O10)(F,OH)2)) content within 
Ogp.
Figure 4.2 Photograph of the West 
Marsh Schist (Owms).  This locality 
can be seen on the periphery of the 
Sprague River Marsh (Figure 1.1).  
Photo courtesy of Haley Sive (2012) 
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4.1.4 Alliquippa Rusty Schist
The Alliquippa formation, consisting of an Amphibolite member (Oaa), a Rusty Schist 
member (Oars), and a Marble member (Oam) is folded and seen throughout the inner harbor 
and northern end of the study area (Figure 4.4). Two samples of the Alliquippa Rusty Schist were 
used in leaching experiments (Figures 3.4 & 3.5). Oars consists of a rusty weathered medium-gray 
quartz + muscovite + biotite + plagioclase + garnet pelitic schist.  Leaching experiments showed 
that despite their classification as members of the same lithology there are variations in the units 
leaching potential.
Sample 7, obtained from an area of the inner harbor (Figure 2.3), showed relatively 
minor leaching of cations, with concentrations of only aluminum and iron exceeding EPA/WHO 
guidelines.  It is suspected that similar to the Cape Small Formation the majority of ions leaching 
into solution can be sourced to high mica content within the unit, in this case either biotite 
(K(Mg,Fe, Mn)3(AlSi3O10)(F,OH)2)) or muscovite (KAl2(AlSi3O10)(F,OH)2)).
Sample 8, obtained from the northern portion of the study area off of the Alliquippa Road 
boat launch (Figure 2.3), showed significantly higher concentrations in leachate than its southern 
counterpart.  This sample showed elevated concentrations of aluminum, iron, and manganese.  
It is likely that similar to Sample 7 the release of these cations is related to the presence of mica 
Figure 4.3 Photograph of the 
Graphitic Phyllite (Ogp).  This locality 
can be seen in the Inner Harbor area 
of the peninsula (Figure 1.1).  Photo 
courtesy of Haley Sive (2012).
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within the sample.  However, due to the significant increase in concentrations in Sample 8, it 
appears that the leaching of Al, Fe, and Mn from garnet ((Fe,Mg, Mn)3Al2Si3O12)  could have an 
effect.
4.1.5 Cape Small Rusty Schist
Another one of the major lithologies within the study area, the Cape Small Rusty Schist 
(Ocsrs) is a metapelitic schist that contains an abundance of iron and sulfur bearing minerals. 
The sample used for leaching experiments, from Icebox Beach (Figure 1.1), yielded the largest 
concentrations of iron on the peninsula. In the Cape Small Rusty Schist, concentrations of 
iron peaked at 223 ppm after 1 week of leaching (Figure 3.6).  These levels were by far the 
highest of any on the peninsula and far exceed EPA/WHO guidelines for iron contamination 
(1 ppm), though this guideline is classified as a secondary maximum contaminant, indicating 
that it is more of a nuisance to the human population than a detriment to human health.  Iron 
concentrations were initially hypothesized to be elevated, as it was brought up in conversation 
with many residents of Small Point as one of the chief problems with their water supply.  Homes 
situated over sections of the Cape Small Rusty Schist were reported to have metallic tasting water 
that stained plumbing fixtures and had a foul odor (Sewall, 2011 personal communication).  
Figure 4.4 Photograph of the 
Alliquippa Rusty Schist (Oars).  This 
locality can be seen just off of the 
Alliquippa Road boat launch (Figure 
1.1).  Photo courtesy of Haley Sive 
(2012).
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Schists in general exerted a greater influence over leachate cation concentrations than other sampled 
units such as the graphitic phyllite and smaller units such as the sillimanite/ andalusite vein.
Ocsrs is a rusty-weathered quartz + plagioclase + biotite + garnet schist. Iron compounds 
found within this unit are easily observed as a rusty coating can be seen on the exterior of 
all outcrops (Figure 4.5).  Elevated iron concentrations in leachate is likely due to leaching of 
hematite (Fe2O3), ilmenite (FeTiO3), or goethite (FeO(OH)).  These three minerals are difficult 
to identify in thin section as they are opaque, however it is possible that some combination 
of the three constitutes the bulk of the opaque minerals observed in the Small Point samples 
(Figure 3.22; Nesse, 2000).  Slightly elevated levels of manganese were also identified and may be 
connected to trace concentrations of Mn within biotite (K(Mg,Fe, Mn)3(AlSi3O10)(F,OH)2) or as a 
substitute for Fe 2+ in the iron bearing opaque minerals.
4.1.6 Icebox Amphibole Rich Calc-Silicate
Icebox amphibole-rich calc-silicate is a green-gray plagioclase + amphibole + quartz 
granofels that is interbedded throughout the Cape Small Rusty Schist, though it is most 
prominently seen in exposure along Icebox Beach (Figure 4.6).  Though it is a minor lithology, 
only appearing in narrow bands throughout the lower portion of the study area, it was among the 
worst units in terms of the number of cations leached at levels above EPA/WHO guidelines. Of 
Figure 4.5 Photograph of the Cape 
Small Rusty Schist (Ocsrs).  This 
locality can be seen on Icebox Beach 
(Figure 1.1).  Photo courtesy of Prof. 
Dyk Eusden (2011).
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the six cations analyzed in this investigation, only magnesium concentrations remained under 
the maximum concentrations recommend.  Two different samples of this lithology were analyzed, 
representative of the two end members of the formation, a calc-silicate and an amphibolite 
(Figure 3.7 & 3.8).
The calc-silicate member sampled showed in particular extremely high concentrations 
of aluminum and calcium, the highest recorded of all samples.  XRD analysis indicated a large 
concentration of labradorite (An50- An50), potentially a large contributor to both aluminum 
and calcium concentrations (Figure 3.12).  Elevated levels may also be the result of leaching of 
diopside (CaMgSi2O6) and actinolite (Ca2(Mg,Fe)5Si8O22(OH)2), minerals identified via hand 
sample and thin section, or potentially wollastonite (CaSiO3) a common calcium bearing mineral 
found in calc-silicates, though none of these were indicated by XRD analysis (Nesse, 2000).
The amphibolite end member of Oiacs released lower concentrations of cations into 
solution than the calc-silicate and in rather than calcium, iron concentrations in solution were 
elevated.  XRD analysis revealed actinolite (Ca2(Mg,Fe)5Si8O22(OH)2) as a potential vehicle for 
elevated iron in solution (Figure 3.21).  Other iron-magnesium bearing amphiboles not seen in 
diffractograms, but still possible members of the mineral assemblage include cummingtonite/
anthophyllite ((Mg,Fe)7Si8O22(OH)2) and hornblende (Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2) (Nesse, 
2000).
Figure 4.6 Photograph of the Icebox 
Amphibole Rich Calc-Silicate (Oiacs).  
This locality can be seen on Icebox 
Beach (Figure 1.1).  Photo courtesy of 
Prof. Dyk Eusden (2011).
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4.1.7 Cape Small Silver Schist
The Cape Small Silver Schist (Ocsss) and its derivative members including the quartz-rich 
granofels member (Ocsss-qg) and the Singing Sands Schist (Ossss), which will be discussed in a 
later section, dominate the bedrock of the area.  While some degree of leaching of As, Ca, and Mn 
cations can be seen, concentrations never exceeded levels that would merit concern.  Magnesium, 
aluminum, and iron however were released from bedrock at concentrations above EPA/WHO 
concentrations (Figure 3.9).  None of these cations (Al, Fe, Mg) however sustained levels that 
were elevated beyond the EPA/WHO guideline for the entirety of the study period and by Day 15 
all three cations had diminished to a level within the accepted range. 
All members of the Ocsss group contained within the study area are comprised of biotite 
+ muscovite + quartz + plagioclase + garnet, and vary in terms of andalusite, sillimanite, and 
staurolite content (Figure 4.7).  Both Fe3+ and Al3+, and Fe2+ and Mg2+ are related in terms of 
mineral structures in that they carry the same valence charge and can substitute for each other 
within a mineral structure.  Garnet was identified in hand samples and further analysis using 
XRD identified the particular subspecies of the garnet group in sample as almandine (Figure 
3.11).  Fe(II) and Mg however can easily substitute in the mineral complex of the garnet group, 
yielding either pyrope (Mg3Al2Si3O12) or almandine (Fe3Al2Si3O12).  Additionally, it is possible 
through the substitution of cations in the mineral forming period that a manganese(2+) 
substitution would occur for iron or magnesium, yielding the mineral spessartine (Mn3Al2Si3O12)
(Nesse, 2000).  While minimal Mn concentrations can be seen throughout the course of the 
leaching experiments, the garnet coticules seen wihtin this unit are known to be manganese 
rich.  Additionally, the leaching of garnets is one particular vehicle for the dissemination of 
magnesium, iron, and potentially even aluminum concentrations in the solution.  The leaching of 
biotite (K(Mg,Fe)3(AlSi3O10)(F,OH)2), a known constituent of the mineral assemblage though not 
identified through XRD analysis, could provide a means for elevated iron and magnesium (Figure 
3.19).  Elevated aluminum concentrations could be sourced from a variety of different minerals 
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within Ocsss, as Al is a common rock forming mineral.
4.1.8 Singing Sands Schist
The Singing Sands Schist (Ossss) is the lithology that released the widest variety of cations, 
including aluminum, arsenic, iron, and manganese (Figure 3.10).  Osss is a submember of the 
Cape Small Formation and is a medium grey quartz + plagioclase + biotite + muscovite + garnet 
+ andalusite schist rich in staurolite (Figure 4.8).  Arsenic concentrations were well above EPA/
WHO organization limits (0.01 ppm), with a maximum recorded value of 1.14 ppm.  
XRF analysis was completed on this sample as a part of the analyses conducted by 
Doolittle (2012).  Doolittle (2012) specifically looked at members of the Cape Small Silver Schist 
with regards to metamorphism in the area and in doing so utilized XRF to determine the bulk 
rock chemistry of a variety of samples from the Cape Small Silver Schist lithology.  The Singing 
Sands Schist revealed an isolated shift in chemistry where an increase in manganese and iron 
concentrations can be observed.  Doolittle (2012) attributes the source of elevated Mn and Fe to 
basaltic flows at a spreading ridge, which would contribute to the dissolution of cations, leading to 
an enrichment of Mn and Fe in the structures of metamorphic minerals (Romer et al., 2011).  
The increased presence of Mn in the bulk rock chemistry is well reflected in leaching 
experiments, as leached Mn concentrations in the Singing Sands Schist are the highest of any 
Figure 4.7 Photograph of the Cape 
Small Silver Schist (Ocsss).  This 
locality can be seen on the southern 
tip of Small Point Proper (Figure 1.1).  
Photo courtesy of Prof. Dyk Eusden 
(2011).
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lithology studied on the peninsula.  Additionally, Mn concentrations increase consistently 
over the course of the study interval, slowly releasing from the host rock into leachate. Iron 
concentrations were also elevated, however concentrations released from Osss were not 
significantly enriched relative to other lithologies in the study area.  Iron concentrations, while 
detectable throughout the entire study interval decreased over time, potentially signally a 
change in redox conditions within the sample container.  Iron concentrations were identified 
through XRD analysis (Figure 3.20), as likely being a part of the mineral complex for spessartine 
(Fe3.12Mn20.88Si24Al16O96).  Elevated levels of other cations, relative to the Cape Small Silver Schist, 
can be attributed to the leaching of staurolite (Fe2Al9O6(SiO4)4(OH)2).  Mg, Al, As, Ti, Zn, and Si 
have been shown to substitute for Fe2+ in the tetrahedral and octahedral sites within the mineral 
complex (Nesse, 2000).
Figure 4.8 Photograph of the Singing 
Sands Silver Schist (Ossss).  This 
locality can be seen in the Singing 
Sands area of the peninsula (Figure 
1.1).  Photo courtesy of Prof. Dyk 
Eusden (2011).
Sillimanite + Muscovite
Garnet
Biotite
Staurolite
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4.2 Mobilization of Cations
4.2.1 Aluminum
Every single lithologic unit studied at Small Point released at one point during the 
leaching experiments elevated concentrations of aluminum (Figure 4.9).  Al concentrations 
however dropped consistently over the study period in all ten samples analyzed, with the highest 
concentrations seen on Day 1 of sampling.  In an analysis of leaching of aluminum from red 
mud, the primary by-product of Al extraction from bauxite, Al solubilization occurred rapidly, 
with maximum concentrations reached after 6 and 12 hours of leaching (Vachon et al., 1994).  
Following this period Vachon et al. (1994) note that Al concentrations remained fairly consistent, 
while Fe and Ti concentrations steadily increased, peaking at the 24 hour mark.  Due to the fact 
that this investigation occurred over a much longer time frame the exact timing of the peak in 
aluminum concentrations can only be confined to some point in the first 24 hours of leaching.
Additionally, instead of stabilizing over time, aluminum concentrations in this 
investigation decreased over time.  A comparison with Hogan (1995), a similar leaching 
experiment that took place in the Poland 15’ quad an area with comparable bedrock consisting 
of metapeltic schists and granites, saw a decrease in Al concentrations in some samples.  Samples 
that showed a decrease in concentration in this study included all of the Patch Mountain calc-
silicate and amphibolite samples (n=6).
In both studies, the decrease in concentration over time may potentially be due to the 
precipitation of other secondary minerals.  Leachate samples were not filtered prior to analysis 
with the ICP-AES, which may be a major factor.  Clay minerals such as kaolinite may have 
precipitated, removing dissolved Al from the leachate.  Weathering processes where 


can be described in the context of the leaching experiments as hydrolysis, where solutions of 
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Figure 4.9  Aluminum concentrations are spatially displayed, where if at any point over the study interval 
concentrations of aluminum exceeded WHO/EPA guidelines a red polygon was assigned.  Modified from 
Sive (2012).
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medium acidity lead to the destruction of different minerals from the parent rock (Chamley, 
1989).  Subtraction of ions occurs first with the most mobile ions including Na, K, Mg, Sr, and Ca, 
and then transition elements such as Mn, Ni, Fe, Cu, and Co are leached into solution.  The least 
mobile element through the hydrolytic process is Al (Chamley, 1989).  Experiments do not 
corroborate the fact that Al is the least mobile ion, as concentrations peaked within the first 24 
hours.  The precipitation of secondary minerals is the result of the degradation of primary miner-
als.  The precipitation of the secondary minerals kaolinite and gibbsite may potentially be the root 
of decreased concentrations of aluminum over the study interval (Nesse, 2000).  They precipitate 
according to the following reactions,
Orthose 2(Si3Al)O8K  + 11 H2O----> Kaolinite Al2Si2O5(OH)4 + 4Si(OH)4 +2 (K,OH)
Orthose (Si3Al)O8K + 16H2O------> Gibbsite Al(OH)3 + (K,OH).
4.2.2 Arsenic
High concentrations of As are commonly found in the ground water within bedrock 
throughout New England, including the metapelitic schists found in the State of Maine 
(Marvinney et al., 1994; Loiselle 
et al., 2001).  Arsenic is commonly 
associated with iron and sulfur 
bearing minerals (Ayotte et al., 
2003), as well as manganese 
(Ayotte et al., 1999).  In Maine, 
Loiselle et al.(2002) found that As 
concentrations from an estimated 
12–13% of water from bedrock 
wells exceed the new maximum 
contaminant level.  It is a pervasive 
problem for groundwater, as it is 
easily mobilized under a variety 
4
Figure 1.1 Eh-pH diagram of aqueous arsenic species in the system As–O2–H2O at 25ºC and
1 bar total pressure
PENDING
Figure 1.2 Arsenic speciation (arsenite and arsenate) against pH
1.2.2 Abundance and distribution
Concentrations of arsenic in fresh water vary by more than four orders of magnitude
(Table 1.1) depending on the source of arsenic, the amount available and the local geochemical
environment. Under natural conditions, the greatest range and the highest concentrations of arsenic
are found in groundwaters as a result of the strong influence of water-rock interactions and the greater
tendency in aquifers for the physical and geochemical conditions to be favourable for arsenic
mobilization and accumulation. The range of concentrations for many water bodies is large and hence
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Figure 4.10  Speciation of arsenic under a variety of redox 
conditions. Modified from Smedley and Kinniburgh (2001).
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of redox conditions (Smedley and Kinniburgh, 2001).  As(III) and As(V) occur under different 
conditions, yet they are both detrimental to human health.  Redox potential (Eh) and pH are the 
most important factors controlling arsenic speciation (Figure 4.10).  Under oxidizing conditions, 
H2AsO4- is dominant at low pH (less than about pH 6.9), while at higher pH, HAsO42- becomes 
dominant.  Under reducing conditions (at pH less than about pH 9.2) the uncharged arsenite 
         RELATION OF ARSENIC, IRON, AND MANGANESE IN GROUND WATER TO AQUIFER TYPE, LITHOGEOCHEMISTRY, AND LAND USE   23
Figure 7.  Percent detection of arsenic concentrations in ground water, at or above 0.005 milligrams 
per liter, in selected bedrock geologic units in lithogeochemical group Mc.  [Bedrock geologic unit 
names from Lyons and others, 1997; Hermes and others, 1994; Osberg and others, 1985; and Zen 
and others, 1983; Lithogeochemical group described in figure 3.]
Figure 4.11  Bedrock geologic units from the New England area with high concentrations of arsenic.  
The Cape Elizabeth and Scarboro formations, the equivalent of this study’s Cape Small Formation and 
Alliquippa Formation, are closely related to the formations listed above.  From Ayotte et al. (1999).
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species H3AsO30 is favored (Figure 4.10; Smedley and Kinniburgh, 2001).  At pH’s used in this 
investigation, either H2AsO4- or H3AsO30 can be expected.  However if a higher pH was initially 
used in the leaching experiments there is the potential that greater concentrations of the mineral 
and/or different arsenic species would have been leached into solution.  Arsenic was only detected 
in the leachate of two different samples at concentrations above EPA/WHO guidelines, but this 
may be the result of experimental design and not necessarily the absence of arsenic in the host 
lithologies.  A wider variety of lithologies may have leached arsenic into solution if the study 
parameters were altered. Arsenate, an oxyanion, tends to become less strongly sorbed as the pH 
increases (Dzombak and Morel, 1990).  Leaching solution initially was a pH of 5.5, though it is 
likely that this decreased over the study period.  If pH values were initially elevated there is the 
potential that more arsenic would have leached into solution.    While this may be the case in a 
laboratory setting, it is to a certain extent unrealistic to believe that pH’s elevated above 5.5 would 
be present in the study area, as a small vein of Alliquippa Marble (Oam) is the only rock in the 
study area that has any buffering capabilities.  The average pH of rainwater in Maine is 4.8 (Goad, 
2002), even lower than the starting pH of the leaching solution utilized in this experiment.  It is 
assumed that the pH of the water percolating through the groundwater system would be reflective 
of the pH of the rainwater falling on the landscape.
Iron redox chemistry also needs to be briefly discussed in a conversation about arsenic, 
as it actively affects its mobility. One of the principal causes of high arsenic concentrations 
in subsurface waters is the reductive dissolution of hydrous iron oxides and/or the release of 
adsorbed or combined arsenic (Smedley and Kinniburgh, 2001).  Under reducing conditions, 
including anaerobic conditions that can be seen at the base of many deep bedrock wells iron 
increases the mobility of arsenic.
Overall in the study area elevated arsenic concentrations are not an issue for concern, as 
the two lithologies displaying elevated concentrations (Ossss and Oiacs) are relatively minor in 
the study area (Figure 4.12).  The area distinguished as the Singing Sands Schist is in particular 
a fairly remote portion of the study area, where there is minimal potential for drilled bedrock 
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Figure 4.12  Arsenic concentrations are spatially displayed, where if at any point over the study interval 
concentrations of As exceeded WHO/EPA guidelines a red polygon was assigned.  Lithologies where 
concentrations were below guidelines were designated with a green polygon.  Modified from Sive (2012).
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wells to penetrate through.  It is still however unclear where the arsenic resides within the mineral 
assemblage. Arsenic, commonly associated with pyrite (FeS2) or pyrrhotite (Fe1-xS (x=0 to 0.2)), 
was detected at relatively low levels indicating that the sulfide minerals in the rusty schist are not 
particularly enriched in arsenic.
4.2.3 Calcium and Magnesium
Hardness of water is primarily caused by excess dissolved calcium and magnesium in the 
water.  While not detrimental to human health, excessive hardness in water can be a nuisance 
for residents as it leads to the encrustation of pipes and water tanks and reduces the lathering 
capacity of soaps and detergents. Because of its charge and ionic radius, calcium most often 
occurs in 8-fold coordination sites of aluminosilicate minerals, such as pyroxenes, amphiboles 
and feldspars, especially plagioclase (Nesse, 2000). Calcium is relatively unimportant compared 
to potassium and magnesium as an interbedded metal in layered silicates such as clays; however 
it is easily weathered from both primary and secondary minerals, depending on the pH of the 
leaching solution (Likens et al., 1998).  The fact that calcium is easily weathered into solution was 
seen in the leaching experiments, as concentrations of calcium tended to increase consistently 
over the course of study (Figure 4.13).  In a study conducted in South Dakota, hardness in 
the ground water in the Rapid City area, which are designated as hard to very hard (hardness 
120 to greater than 180 ppm) can be traced to the Mimelusa and Madison aquifers which are 
comprised of bedrock that is primarily calcite, dolomite, and anhydrite, all of which contain high 
concentrations of calcium, magnesium, or both (Peter, 1985).
While none of these minerals are found in excess anywhere on the peninsula, excess 
calcium and manganese can be seen in select lithologies.  The Icebox Amphibole Rich Calc-
Silicate in particular was a large contributor of both cations to solution (Figure 4.13).  In this 
instance it is likely that Ca is sourced from diopside, a pyroxene, commonly found in calcium 
silicates.  Magnesium concentrations may also be the result of leaching of pyroxenes in the calc-
silicate, but its wider distribution across the peninsula indicates additional sources (Figure 4.14).  
Biotite appears to be one of the primary vehicles for elevated magnesium concentrations, as most 
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Figure 4.13  Calcium concentrations are spatially displayed, where if at any point over the study interval 
concentrations of Ca exceeded WHO/EPA guidelines a red polygon was assigned.  Lithologies where 
concentrations were below guidelines were designated with a green polygon.  Modified from Sive (2012).
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Figure 4.14  Magnesium concentrations are spatially displayed, where if at any point over the study interval 
concentrations of Mg exceeded WHO/EPA guidelines a red polygon was assigned.  Lithologies where 
concentrations were below guidelines were designated with a green polygon.  Modified from Sive (2012)
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of the biotite rich rocks seemed to leach elevated levels of magnesium, as well as iron. Due to the 
substitution that can take place in biotite between iron and magnesium, it makes sense that they 
are both present in large quantities.
4.2.4 Iron
Groundwater is easily contaminated with iron, especially in its soluble (II) valence state.  
Although iron is an essential mineral for human, its presence in groundwater above a certain level 
(0.3 ppm)make the water undesirable due to discoloration, metallic taste, odor, turbidity, staining 
of laundry and plumbing fixtures (Das et al., 2007).  Iron also plays a significant role in arsenic 
contamination in an area, as aqueous arsenic is controlled by anion exchange and frequently 
coprecipitates with iron and manganese oxyhydroxides (Berg et al., 2001; Wagner et al., 2005; 
Acharyya and Shah, 2005).  Jönsson and Sherman (2008) found that green rust, magnetite and 
siderite all strongly sorb As(V)with sorption capacities greater than 100 μmolAs/g near pH 7.
Iron pollution in drinking water is usually associated with the weathering of iron 
bearing minerals such as magnetite, hematite, goethite, and siderite in bedrock through which 
groundwater is flowing (WHO, 2001).  In the case of this investigation, it appears that the 
leaching of iron from biotite may also be a major contributor to the levels seen in samples across 
the peninsula.   Like aluminum, elevated iron concentrations were seen in every lithologic unit 
sampled across the peninsula (Figure 4.15).  Initially hypothesized to be a problem in the Cape 
Small Rusty Schist unit, where over the summer local residents commented on the bedrock 
beneath their homes, it turns out that elevated iron concentrations are much more widespread.  In 
many of the leaching experiments, iron tended to decrease in concentration over time, paralleling 
trends observed in aluminum.
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Figure 4.15  Iron concentrations are spatially displayed, where if at any point over the study interval 
concentrations of Fe exceeded WHO/EPA guidelines a red polygon was assigned.  Modified from Sive (2012).
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4.2.5 Manganese
Ayotte et al. (1999) identify a weak correlation between arsenic and manganese/iron 
concentrations within a bedrock aquifer (Figure 4.16).  However, while weak ties connect arsenic 
to manganese and iron, there is a strong association between Mn and Fe concentrations in 
aquifers.  All four of the metasedimentary groups analyzed by Ayotte et al. (1999) showed a high 
correlation factor between the two.  In this investigation, all lithologies studied that leached Mn at 
concentrations exceeding EPA/WHO guidelines also leached levels of Fe that exceeded standards 
for iron in groundwater (Figure 4.15 & 4.17).  The high correlation appears to be due to the fact 
that they often substitute for each other in a mineral matrix.  The lack of correlation between Mn, 
Fe, and As indicates that high concentrations of Mn and Fe may not serve as a good indicator of 
high arsenic concentrations in New England (Ayotte et al., 2003).
26    Relation of Arsenic, Iron, and Manganese in Ground Water to Aquifer Type, Bedrock Lithogeochemistry, and Land Use in the 
New England Coastal Basins
The variability of iron and manganese concen-
trations in ground water by lithogeochemical groups 
could be related to differences in iron and manganese 
concentrations in rock groups and the relative 
abundance of iron and manganes  m nerals that react 
with water.  Sulfide-mineral oxidation and dissolution 
is identified as being a p tential source for sulfate and 
metals concentrations in bedrock ground waters 
(Hem, 1985; Drever, 1988; Robinson, 1997).  The 
Tukey analyses indicated that concentrations of iron 
and manganese were higher in water from the 
metasedimentary group Ms than in the other 
metasedimentary groups.
To test if arsenic concentrations are related to 
iron or manganese concentrations in the data set, 
Spearman’s rank-correlation coefficients were 
calculated for the arsenic concentrations with iron 
and manganese concentrations, as well as between iron 
and manganese.  The arsenic concentrations are 
weakly correlated with iron concentrations in every 
lithogeochemical group; however, the correlation is 
positive for two of the groups of metasedimentary 
rocks and is negative for groups Mu, Mmd, Im, and If
(table 6, fig. 9).  Arsenic concentrations are also 
weakly correlated to manganese concentrations and 
the correlation is positive for three of the four metased-
imentary groups.  Iron and manganese concentrations 
are almost always strongly correlated, except for 
samples in the igneous group Im, and these correlation 
were all significant (p = 0.0001).  Iron and manganese 
are strongly correlated in three of the four metasedi-
mentary groups.  The fact that the correlation 
coefficients in these metasedimentary categories are 
similar (table 6) and that arsenic concentrations differ 
Figure 9.  Correlation of arsenic and iron, arsenic and manganese, and iron and manganese concentrations in 
ground water by major lithogeochemical group in the New England Coastal Basins study unit.
Figure 4.16  Correlation of arsenic and iron, arsenic and manganese, and iron and manganese 
concentrations in grou d wat r n major lithologic units of N w England. Fro  Ayotte t al. (1999).
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Figure 4.17  Manganese concentrations are spatially displayed, where if at any point over the study interval 
concentrations of Mn exceeded WHO/EPA guidelines a red polygon was assigned.  Lithologies where 
concentrations were below guidelines were designated with a green polygon.  Modified from Sive (2012).
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4.3 Implications for the Population of Small Point
4.3.1 Local Implications
While it may appear that the groundwater at Small Point poses a large risk to the health 
of Small Point residents at first glance, it is important to remember that all analyses conducted 
throughout this investigation are soley laboratory experiments.  No direct sampling of the 
water chemistry was undertaken over the course of this study and as such the results presented 
represent only an initial survey of potential problems that may arise in the area.  Rather than 
identify particular bedrock units as either harmful or safe for a bedrock well, they will be 
presented on a spectrum where degrees of leaching can be seen.  Degree of leaching, is one 
of many factors that may influence the groundwater chemistry at a particular point on the 
peninsula.  Other factors not included in this analysis include topography, water table depth, 
and the flow of groundwater through fractures in the area.  Additionally, in most cases only 1 
representative sample from each lithology was sampled.  Data presented thus far operate under 
the assumption that the results from the leaching of each sample is indicative the nature of 
bedrock from the entirety of the lithology.  Sampling from a wider geographic area within the 
same lithologic group would indicate spatial variations within members of the same unit.
Leaching potential (Figure 4.18) is reflective of a combination of geochemical factors that 
could potentially contribute to adverse well conditions.  A leaching potential of 5 represents the 
upper end of the spectrum, where 5 of the 6 cations specifically looked at in this investigation (Al, 
As, Ca, Fe, Mg, and Mn) exceed EPA/WHO guidelines for safe drinking water at any point in the 
study, though values do not need to be sustained throughout.  A value of 1 indicates that only 1 
of the 6 cations was problematic at any point over the course of the study period.  Based on this 
logic the worst location for a bedrock well is in the Icebox Amphibole-Rich Calc-Silicate (scoring 
a 5) and the Singing Sands Schist (scoring a 4).  Conversely the best location for a bedrock well 
based of the results of this hypothetical investigation are regions in the West Marsh Schist group 
(scoring a 2).
98
Figure 4.18  Bedrock geologic map of the study area translated into degrees of leaching.  A low score 
indicates that few of the cations measured were detected at elevated levels, whereas a high score indicates 
that may of the cations studied were measured at concerning concentrations.  Modified from Sive (2012).
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Another useful means for thinking about the potential risks associated with bedrock wells 
in the small point area is the thickness of the bedrock units.  Figures 4.19 highlights average well 
depth on the peninsula in the context of a cross sectional view of the peninsula, as determined 
by Sive (2012). While certain units such as the Singing Sands Schist appears to be one of the 
worst place to drill a bedrock well, a cross sectional analysis of the southern area (Figure 4.19c) 
indicate that this is a fairly thin unit, with maximum thickness of 50m. Bedrock wells drilled 
deeper than 50-100 m in this area for example would bypass the arsenic bearing Ossss and 
obtain water residing in the underlying Ocsss, a much less toxic unit.  It is important to bear in 
mind that throughout the study area intense folding relating to both D2 and D3 deformational 
events.  Cross sections through the middle and upper portions of the study area clearly show the 
complicated lithologic sequence seen below the surface, indicating that the bedrock unit seen at 
the surface may not be the best determinant of the bedrock at well depth (Figures 4.19a & 4.19b).  
Without knowing the subsurface geometry of these folded units one can unknowingly drill 
into an undesirable unit, though it is not exposed at the surface.  Conversely a seemingly toxic 
location at the surface may be completely acceptable for groundwater extraction based on the 
underlying units.  Another major fact that also contributes to the distribution of cations within 
the groundwater system is fractures throughout the area.  Fractures provide the conduits through 
which water can flow potentially throughout the system.  If based a series of interconnected 
fractures were to merge in location where bedrock has a higher leaching potential, a greater 
impact on the groundwater will be felt.
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Figure 4.19a A cross sectional view of the Northern (A), Head Beach (B), 
and Southern (C) sections of the study area.  Average well depth is shown 
with a dashed red line.  The range of well depths reported in the area is 
shown in the crosshatched area.  Modified from Sive (2012). 
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Figure 4.19b A cross sectional view of the Northern (A), Head Beach (B), and Southern 
(C) sections of the study area.  Bedrock units are illustrated on according to their leaching 
potential.  Modified from Sive (2012). 
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4.3.2 Regional Implications
Despite the limitations of this analysis, regional scale implications can still be drawn.  The 
Icebox Amphibole-Rich Calc-Silicate was the unit that leached the widest variety of cations and in 
many cases the highest concentrations seen in the entire study area.  Oiacs is tied stratigraphically 
to the larger Spring Point Formation (Osp) and is an Ordovician unit that overlies the Cape 
Elizabeth Formation (Figure 1.10).  The mafic member of Osp consists of two different 
amphibolites, a thin-bedded hornblende + garnet + plagioclase amphibolite and a hornblende 
+ cummingtonite amphibolite.  The amphibolites represent metamorphosed basaltic to 
intermediate volcanic rocks, probably pyroclastic in origin (Hussey and Marvinney, 2002).  Based 
on the results of this investigation, drilling a bedrock well into the heart of Osp is not advisable.  
It is not surprising that the calc-silicate lithology present in the study area contributed 
the highest levels of arsenic, as previous works such as Hogan (1995), Ayotte et al. (1999 & 2003), 
and Marvinney et al. (1994) have linked similar rock units to elevated arsenic concentrations.  
Hogan (1995), when analyzing members of the Patch Mountain Formation, a series of calc-
silicates , found in a similar set of leaching experiments consistently elevated levels of arsenic in 
some cases more than 10 times the current EPA/WHO limit of 0.01 ppm.  In addition, he found 
elevated concentrations of other trace metals such as copper, zinc, lead, chromium, and cadmium 
in his leachate waters.  Larger regional studies have also indicated a problem with arsenic in 
groundwater.  Marvinney et al. (1994) concluded after an extensive look into the groundwater 
of Buxton, ME area that arsenic concentrations were higher in drilled bedrock wells than hand 
dug wells.  Additionally, an absence of arsenic was found in groundwaters derived from granites.  
The strong connection with metamorphic rocks, in particular metapelitic rocks, is significant 
as it ties Casco Bay group lithologies (Oce, Osp, Odi, Osc) to other formations in the state with 
known arsenic problems such as the Kittery Formation, the Waterville Formation, the Sangerville 
Formation, and the Vassalboro Formation (Ayotte et al., 1993).  
While the regional extent of the Spring Point formation is relatively contained compared 
to other units that dominate the state’s bedrock, it is important to remember that the areas 
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Figure 4.20  Regional extent of the Spring Point Formation (stratigraphic equivalent of Oiacs) within 
the  State of Maine.  Modified from Osberg et al. (1985) and Hussey and Berry (2006).
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where the Osp is located are amongst the most populated areas of the state.  Additionally, due to 
the thin banded nature of Osp and widespread regional folding (D3) the impact of the unit on 
groundwater has the potential to be quite high.  A series of complex folds associated with the D3 
event indicate that the bedrock seen at the surface is not necessarily indicative of the bedrock at 
well depth.  The Spring Point Formation, while realtively narrow, lies stratigraphically between 
the Cape Elizabeth Formation and the Scarborough Formation, two of the largest units in SE 
coastal Maine.  Therefore, any bedrock well drilled into an area seemingly occupied by members 
of the Scarborough Formation has the potential to penetrate into a much more hazardous unit. 
The other unit of interest with regards to a high leaching factor, the Singing Sands Silver 
Schist, is found intermittendly throughout the Cape Small Formation in the southern portion 
of the study area.  It is a minor unit even within our study area and as such does not bear much 
in terms of regional implications.  The unique mineral assemblage seen within this unit may be 
found elsewhere in the state, but it is likely at a minor scale relative to the larger members of the 
Casco Bay Group that dominate the lithologic sequence in the area.
Chapter 5: 
Conclusions
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5.1 Conclusions
The origin of the chemical composition of groundwater is complex and related to a variety 
of natural and anthropogenic factors.  Bedrock fractures, lineaments, topography, in addition to 
anthropogenic factors such as pesticide use and industrial pollution all play into the larger picture 
of groundwater chemistry.  For the sake of this analysis, a better understanding of the relationship 
between bedrock and the groundwater that it interacts with was developed through a series of 
leaching experiments.   
Leaching experiments were used to analyze concentrations of aluminum, arsenic, calcium, 
iron, magnesium, and manganese in ten different lithologic units over the course of a fifteen day 
study period.  Lithologies used were determined based on extensive bedrock mapping conducted 
over the summer of 2011 and later analyzed by Sive (2012).  Results from leaching experiments 
confirmed local observations concerning units within the study area, as well confirmed 
that  which of the cations found in each rock unit may actually become mobilized within the 
groundwater system.  Leaching indicated that the most mobile cations were found in schists, in 
particular the Singing Sands Silver Schist(Ossss), as well as in the Icebox Amphibole-Rich Calc-
Silicate(Oiacs) sample. Lithologies that did not mobilize cations easily include the Graphitic 
Phyllite (Ogp) and the West Marsh Schist (Owms).  
 Arsenic concentrations were only found in two units on the peninsula, the Icebox 
Amphibole Rich Calc-Silicate (Oiacs) and the Singing Sands Silver Schist (Ossss). These two 
units incidentally leached the widest variety and in many cases the highest concentrations of the 
cations of interest over the study interval.  On a local scale, implications of this analysis provide 
a rudimentary guide for bedrock units to avoid when drilling a well.  This investigation also has 
implications on a broader scale, as the Icebox unit seen at Small Point correlates to the larger 
Spring Point Formation, seen commonly throughout the Casco Bay.   While no work on arsenic 
in particular has been conducted on this unit, it can likely be tied to previous studies, including 
Hogan (1995).  In his analysis, similar in structure to this thesis, calc-silicate bands of the Patch 
Mountain Formation leached arsenic into solution over the course of two months.  If arsenic 
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can be traced to these units, there is the potential that calc-silicates at large could be a culprit of 
elevated arsenic concentrations in groundwater. 
5.2 Future Work
Many different projects could work in the future to supplement the results of 
this investigation.   One of the main areas for improvement is the collection of field data.  
Measurements of cation concentrations in existing bedrock wells on the peninsula would lend 
credibility to the leaching experiments as a proxy for processes occurring beneath the surface.  
Additionally, supplemental leaching experiments where pH was closely monitored throughout 
the investigation would be an extremely useful  in helping to determine the mechanisms behind 
certain trends, such as the consistent decrease in the concentration of certain cations such as 
aluminum.   Finally, XRF work to determine bulk rock chemistry which would allow for a better 
understanding of what cations were locked up in minerals found in the various host lithologies. 
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